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FIG. 15a MODIFICATION 1 

REDUCED THROAT 


FIG. 1 5b. MODIFICATION 2 

CENTRE BAR REMOVED 
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Basic Refrigeration, by Guy R. King 
c 1951 Nickerson & Collins Co., p. 43 

REFRIGERANTS 

Water. — To compare the list of requirements of a good refrig- 
erant with the properties of water would seem to make a very poor 
refrigerant of this common fluid. The enormous volume of its va- 
por at required evaporator temperatures is such that the use of 
an ordinary compressor is impossible. High vacuums are required 
in both the low and high pressure sides of the system. The required 
vacuum on the low side is so high that it is difficult to maintain. 
Leaks are difficult to find. Their only evidence is when air leaking 
into the system prevents proper operation. To check for a suspected 
leak the system must be charged with compressed air and all joints 
tried wth soap suds. The 32 F freezing point makes it impossible 
to use it for ordinary applications. 

However, for certain applications above 32 F such as chilling 
large quantities of water and for air conditioning, it has satisfac- 
torily filled some very rigid requirements. First, it is absolutely 
safe. It has no odor or poisonous properties, and it is not inflam- 
mable. If any amount of it were accidentally released in a crowded 
building, it would not cause panic. It is cheap and can be obtained 
anywhere. 

The problem of handling the excessive volume of the low pres- 
sure vapor has been solved by the development of centrifugal com- 
pressors and steam ejectors, either of which will easily handle 
large volumes of vapor at low pressure. The steam jet system using 
water as a refrigerant has been used extensively in the air condi- 
tioning of passenger trains. Its lack of hazard and availability, plus 
the absence of mechanical compression equipment, makes it a very 
desirable refrigerant where the rough service of railroad conditions 
makes leaks more probably than in stationary systems. 




almost deceiving. There are a few 
difficulties that ‘Sometimes muck 
up the works. 

For instance, the Lquid must be 
pure. If there are any impurities in 
it, the working range of tempera- 
tures is affected. And getting the 
liquid back to its starting point can 
be tricky, unless the pipe is near 
vertical. 

The pipe can be used, theoreti- 
cally, in any position, but it's most 
effective when it’s almost upright. 
That’s because gravity has a hand 
in its operation — a helping hand, 
that is. The main job of getting the 
liquid back to its starting point is 



W E KNOW a lot about collect- 
ing and storing solar energy. 
However, a lingering problem and 
one that is getting new attention 
these days is how to transport it 
efficiently from place of collection 
to place of use. 

One gadget that promises to 
make solar doings more efficient is 
called a heat pipe, a little conduit 
that, handily enough, takes heat 
from where it’s collected and 
moves it to where ft’s used. And 
does it better than conventional 
pumping systems. Best of all, the 
heat pipe is entirely self-powered. 

The heat pipe idea was patented 
way back in 1944 by Frigidaire but 
the whole thii\g was largely ig- 
nored for the next three decades. 
Heat pipes did gradually find small 
jobs in industry and aerospace but 
most people never heard of them. 

One of those small jobs turned 
out to be on the Alaska Pipeline — 
ard t war n’t exactly small. Along 
-.i;L of die tine’s run, finned tubes 
vo; ut ,top the pipe supports like 
~ r ntlers. They are heat 

p out there to siphon he^t. 

ov, . hem the permanently-frozen 
tunu ra so it rtays that way rather 
than neumg and becoming a bog* 
Pie* ores showing the antler-like 



to In terior of 
rtenute by 
teong ** yoo w o o . 


heat pmes appeared ^ y the milli ons 
in the press of the world but, so far 
as we know, never got identified as . 
such. Nobody cared. So the heat 
pipe labored on, a much-seen but 
anonymous hero of the North. 

Things seem to be changing fast 
now, however, because it has final- 
ly dawned researchers "that the 
heat pipe ccVld be a dandy device 
for transporah^ solar energy. That 
may Be like the touch of Midas for 
the lowly heat pipe. Solar devices 
these days are getting movie-star 
treatment Specifically, the Bat- 
telle Memorial Institute, a research 
organization in Columbuk, Ohio, is 
beginning to experiment with 
what is being called the solar beat 

What is a heat pipe? -Basically, 
it’s a device of transport, just as is 
a gas pipe. In general looks, it’s not 
much different, either, being noth- 
ing but a hollow tube. With one 
exception: It’s sealed at both ends. 
A heat pipe could be the size of i 
ballpoint pen or as large as a 
hotrodder’s tailpipe. Usually 
they’re of small bore (less than an 
inch) and no more than a few feet 
long, depending on how they’re 
used. The practical limit on length 
is about 60 ft. 

The one unique attribute of a 
heat pipe is inside its walls. Sealed 
in there is a small amount of fluid 
that may be water, ammonia, ace- 
tone or some otj^er liquid. 

The way a heat pipe works is 
simple. When one end is heated, 
the liquid ihside boils, turning to 
vapor. The vapor travels to the 
other end of the pipe where it 
condenses, giving off heat in the 
process. The condensate then re- 
turns to -the end where it started to 
repeat the cycle. 

Heat is transferred over the 
length of the pipe via the moving 
vapor. u- 

Because only a small amount of 
liquid is needed to sustain the 
cycle, the process starts quickly 


once the pipe is exposed to heat. 

How well does a heat pipe do its 
thing? We got hold of an experi- 
mental heat pipe from Battelle 
Memorial Institute to see for our- 
selves. 

Our pipe is representative of 
most he^t pipes. It’s sealed at both 
ends, the air inside is low pressure 
and the working fluid is water. The 
tube is grooved inside to help move 
the water back to its origin after 
it’s condensed. 

try it out, we stuck one end of 
the pipe in a cup of hot water. 
Seconds later, we could fffar the 
water in there boiling. And almost 
as quickly, the other end of the 
pipe was too hot to handle. It 
worked like a charm. 

As we said earlier, the fluid 
inside can be most any liquid, but 
certain fluids are better than oth- 
ers. Water, for instance, is a good 
medium and can be made to have a 
lower boiling point to suit the 
lower temperatures of flat-plate 
collectors, the most common type 
solar collector. How? 

One of the basic principles of 
physics that applies 'to heat pipes 
using H 2 O is the fact that when 
you lower the pressure on a liquid, 
the boiling point goes down, too. 
For example, water boils at a lower 
temperature at the top of a moun- 
tain than it does at the bottom. If 
you cook potatoes at your cabin in 
the hills, you’ll notice it takes very 
little time to get the water boiling, 
compared to your home in the 
valley. 

The same idea applies to a heat 
pipe. When the pressure is lowered 
inside the sealed tube, the liquid 
boils at a lower temperature, 
which is ideal over the range of 
temperatures used to heat homes 
with solar energy — from 100°. to 
200°F, normally, with flat-plate 
collectors. v 

Of course, other types of fluids, 
especially thtose that don’t freeze, 
may be better suited for flat-piate 
collectors. 

The basic principle' of heat pipes 
is simple, but the simplicity is 


BQUtPtfEXT lo tot* offoerttvonote of hoot 
pip* at Batteito Mo mo riot tnstttut*. 
Hoot to msasursd along tongth of p*p«. 


often accomplished by adding 
grooves to the inside of the tube, or 
a mesh, or tome other material to 
act as a wick. 

How do heat pipes fit into the 
Solar energy scene? Like a hand in 
a glove. 

In a conventional Solar system, 
the beet that is collected from the 
sun is transported by means of a 4 
working fluid or air, depending on 
the type of system: We’re all famil- 
iar with the flatmate liquid collec- 
tor that sits on the roof. Ordinarily 
it’s filled .with a noofreezing fluid 
and connected by plumbing to a, 
heat exchanger and pool of water 
or bin of row in the basement to 
store- the suns energy. (Qr the 
heat of the sun is concentrated by a 
parabolic collector, then transport- 
ed to storage.) 

A solar collector using a beat 
M a si rant cf moving heat 
would be c ofiimrfd differently, 
however. * 

One envisioned by Battelle, for 
example, would have the tolar 
collector panel incorporated into a 
wall f eci n g south. Connected to its 
rear ridr~would be a series of heat 
pipes. 

Say the sun, in Battade’i solar 
setup, is shining brightly, heating 
the collector to a working tempera- 
ture. The collector, In turn, is 
transferring the sun's warmth to 
the heat pipes. Inside the heat pipe, 
the working fluid is boiling, turn- 
ing into a vapor that travels up the 
length of the pipe, through insula- 
tion to tie other end, which is 
embedded n a concrete wail or 
pool of w er that is storing the 
heat. 

All of < sudden, the sun goes 

behind a c;oud. The source of heat 
is cut off 

Heat would ordinarily begin to 
radiate from storage back to the 
now cooler collector, wasting the 
heat. Same thing would happen at 
night — all night .*s a matter of fact. 

The heat pipes, however, prevent 



that from happening. Heat can’t 
travel back from the wall to the 
collector because the working fluid 
has moved back to the collector. 
There’s no flui^ at the top of the 
pipe to vaporize. So the heat pipe 
acts as a one-way switch, shutting 
down when the sun goes away. 

One df the beauties of heat pipes 
is that they can do their thing with- 
out the need for a Jot of hardware 
tp control them. No switches, pho- 
tocells, valves ' and whatnot. And 
they are reliable. 

Heat pipes, it could be said, are 
the 18-wheelers appearing on the 
solar energy scene. They neither 
collect nor consume — only trans- 
port. 

And because they move heat, 
they can be used for cooling, too, 
by taking heat away from its 
source. As a matter of f$ct, there 
ire some industrial applications of 
uiis ‘phenomenon already. Hard-to- 
: ach bearings are sometimes 
oled with heat pipes. Someone 
e-'^n once made an-oil dipstick out 
01 a heatpipe, using it to cool the 
oil n a motorcycle crankcase. 

,hince heat pipes convey heat so 
well, they have already been put to 
other types of practical use. 
They’ve been used to keep snow 
from accumulating on highways. 
Embedded vertically to a depth of 



30 to 40 ft. below a roadway, they 
bring heat up from underground to 
meU'the white stuff. 

They have been used, too, in 
medicine, mostly for cryogenic sur- 
gery (cutting by freezing). They 
are used in space to cool spacecraft 
components and in industry to 
equalize temperatures of boiler 
equipment. 

But since they are such a high- 
performance heat mover, their use 
in solar applications is a natural. 
Heat pipes can take advantage of 
the small temperature differences 
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in passive collectors and move col- 
lected heat into storage very quick- 
ly. And because they are, in effect, 
diodes for heat, once the heat is in 
storage, it stays there. 

There are a number of organiza- 
tions working to find the right 
niche for heat pipes in solar appli- 
cations. Besides Battelle, Therma- 
core, Inc., has been looking intc the 
use of heat pipes in evacuated- tube 
solar collectors made by GE. There 
also are study programs at Los 
Alamos Lab, the University^ of 
New Mexico and at aerospace 
companies such as Hughes and 
TRW in California. 

The main problem with heat 
pipes right now is cost. The idea is 
fairly new in connection with solar 
energy, so heat pipes are not cheap, 
at least in large^uan tities. Tq get 
the cost dowry factories would 
have to tool up for mass produc- 


HEAT PIPES extend from the top of pytone supporting the Alaska Pipeline. Fine at top 
dissipate heat brought up from the permafrost by pipes running inside the lege. 


Because the solar industry is still 
in its infancy, any new technology 
that comes along costs plenty to 
develop. And since there are tried 
and ‘true methods for moving heat, 
like conventional plumbing and 
ducting, the heat pipe is considered 
an expensive alternative. But that 
could change as research pays off. 

Moving heat from one point to 
another is not a new idea, but heat 
pipes do it so well and with so little 
hardware, their potential for solar 
applications is tremendous. Heat 
pipep could be a large part, of the 
future of solar power in 'Ameri- 
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★ HEAT PIPES 

(ta« Heat Transfer Equipment) 


THOMAS REGISTER 1987 


CA: MENLO PARK 

NOREN PRODUCTS. INC, 3543-T Haven Avs. gif 
94025) (Larga Stock 81 Any Custom Heat Plp»l „ 
(4 1 5-355-0532) 


NOREN HEAT PIPES 
& HEAT SINKS 

STANDARD & CUSTOM DESIGNS 
SINCE 1968 
NOREN HEAT PIPES 
start at $5 in OEM quantities 



PC -280 


• ELECTRONICS COOLING 
PCB & component cooling 

► CABINET COOLING 

► PLASTIC MOLD COOLING 
THERMAL PIN heat conductors reduce 
cycle time and improve part quality 

• MILITARY SPECS 

• NOREN HEAT PIPES can incorporate any of 
12 heat regulating functions, e g. constant tern 
perature maintenance and one-way heat flow 

WREN — Commuted To Excellence In Product <* Senkt 

in— 1 NOREN PRODUCTS, INC. 

I 3543-T Haven Avenue 
T%JLJ I Menlo Park, CA 94025 
■ Tl 1 (415)365-0632 

i J Telex 17-1410 NOREN MNPK 


CA: NORTH HOLLYWOOD 

ENVIRO-INTERCEPT INC. 11949 Vaaa St OEIP * iao JL 
(For Electronic CaNnats) (819-9829063) - — - 
( 8 m Our Company Proflla In Volume I * 1 
CA: VENTURA „ 

KOOUTRONIC OF CALIFORNIA, INC. ITW^E* 
Avs. (ZIP 98008) (Air Conditioner*. Blowers, 

HmI Exchangers) (808-8429521) '*** 

^ See our catalog In THOMCAT vote. 1W 1 

CT: BLOOMFIELD m T1 

JAMES HOWDEN AMERICA HEAT PIPE 

DIV. 23-T Old Windaor Rd. (ZIP 08002) (208-242 

— 

IL: CHICAGO _ „ 

IMPERIAL STEEL TANK CO. 8284 W. Slat (ZIP 

80828) (8 12-628-7 11 7) — WT 

Ml: DETROIT 

ACROLA 8 P.O. Drawor 819280 
Control 8 Moot Transfer Tsohnoiog V 
Maintenance 8 Instrument Repair) (818-84*- 


Ml: DETROIT (Contd) 

4472) _ 1M* 

(High Spaed HNt Or Cooling For Plastics Industrial. 
Electronics, Military 8 Aarospaoa Applications) 


MN: BROOKLYN PARK 

MCLEAN MIDWEST. SUB. OF ZERO CORP. 4000 J 
83rd Ave„ N. (ZIP 55443) (For Electronic Cabinet 

Cooling) (612-981-9400) BOM- 

(Ssa Our Full Page Ada Under Air Conditioner Units 
8 Hsat Exchangers) 


NJ: HOPEWELL 

KOOLTRONIC INC. 65 Hamilton Avs. (ZIP 08525) (Air 
Conditioners, Blowers, Fans, Hast Exchangers) 

(609 — 468-3400) 10M+ 

See our catalog In THPK4CAT vols, 15-21 


NY: WELLSVILLE 

C-E AIR PREHEATER COMBUSTION ENGINEERING. 
INC. Andovar Rd. (ZIP 14895) (718-599 
2700) B0M+ 


C-E Gives You 
A Choice of 
Heat Transfer 
Technology* 


Whether your project calls for a 
Ljungstrom'" 1 regenerative air pre- 
heater or a Q-Pipe " heat pipe, C-E 
Air Preheater will design a system 
utilizing our counterflow heat ex- 
changers which will allow for the 
highest thermal efficiency practical 
for your installation. 

C-E Air Preheater invites you to 
take advantage of our over 60 years' 
experience in the field of gas-to-gas 
heat transfer. We wilt meet your 
design specifications to provide you 
with the proper equipment applica- 
tion and the greatest return in fuel 
dollar savings. C-E Air Preheater is 
able to offer you not only advanced 
technology, but experience and an 
extensive field service support or- 
ganization as well. 

Contact C-E Air Preheater, 

Combustion Engineering. Inc., 

Andover Road. Wellsvillo. NY 14895. 

Or call 716/593-2700 

COMBUSnOM^EMGINEERIMG 


NY: WESTBROOKVILLE 

WESTBROOK COMPANY Westbrook Farms, OspL T 
(ZIP 12785) (914—7549698) — 1M + 

★ See our catalog In THOMCAT vols. 15-21 
PA: LANCASTER 

THERM ACORE INC. 780 Edsn Rd. (ZIP 17601) (High 
Psrformsncs, Low Cost Hast Plpss) (717-869- 
6651) 1M4 

PA: NEW OXFORD 

SOLAR CRAFT INC. 316 W. Golden Lane (ZIP 17360) 
(Heat Exchangers 8 Heat Recovery Systems For 
Heating 8 Air Conditioning. Industrial, Commercial 
8 Residential Solar Systems For Total 8 Hot Water 
Systems) (717—924-7086) 1M + 

^ See our catalog In THDlvIC AT vols. 1 5-2 1 
Rl: WARREN 

PINFIN. INC. P.O. Box 88 -T, 334 Metacom Ave. (ZIP 
02885) (Hydraulic, Pneumatic 8 Process Heet 
Exchangers, Heat 8 inka 8 Temperature Control 
Systems) (40 1-248-0808) NR 


ISOBAR HEAT PIPES 

SUPER THERMAL CONDUCTORS 




Devices For Heating & Cooling 
High Density, High Power Electronics 
Plastic Injection Molds, High Thermal Stability Processes 



(313) 963-4472 — FAX 519-944-6617 

P.O. BOX 31-5250 • DETROIT, MICHIGAN 48231-5250 
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# The Coanda biplane featured all-wood cover- 

Salon a’ Aeronautique to become the ing, remarkably clean lines and jet propul- 

sion. Inset: Controversial turbine engine. 



By JOSEPH BONANNO 


f HE PARIS AVIATION exhibit of 1910 was a success. 
Only seven years previously, the Wrights had 
launched the age of flight, but in that time the 
French had taken to the new element with vigor. 
Names appeared on the French horizon to rival Wright and 
Curtiss, names like Bleriot, Latham, Vedrines, and Far- 
man. Even the genial Brazilian aeronaut, Santos-Dumont, 
and the Englishman, Famham, left their own countries to 
build and fly their machines in France. 

Bleriot had flown the English Channel just the year 
before, symbolizing the strengthening bond between 
France and England, but suggesting too, the end of 
Britain’s island impregnability. And in September 1910, 
just a month before the Paris Salon, the Frenchman, 
Chavez, had flown the alps. Aviation had come a long way 
since 1903, but nowhere further than in France. 

So it was with mingled admiration, envy, and enthusi- 
asm that the air enthusiasts of the world flocked to Paris 
in October of 1910 for the Salon D’Aeronautique. They 
went expecting to see the best and were not disappointed. 
The Nieuport , the Cciudron, the Goupy , the Antoinette , the 
Breguet , the REP, the Astra and other flying machines 
were on display, machines that helped the French set the 
pace of air progress in the world of 1910. But the crowd 
saw even more than it expected to see. 

For there was in the exhibit a new and strange aircraft, 
designed by Henri Coanda. 

22 


The first thing about Monsieur Coanda’s biplane that 
caught the eye was its remarkably clean lines, the almost 
complete absence of wires and struts. 

The tail assembly looked like no tail assembly before it. 
In place of the traditional fins, M. Coanda substituted a 
configuration of four tail-planes set at a 45 degree angle to 
the fuselage and at right angles to each other, resembling 
a St. Andrew’s cross. Attached to the broad end of each 
of the four surfaces was a hinged triangular flap. These 
flaps were controlled by wheels on either side of the cock- 
pit 

The airfoil M. Coanda designed had a conventional cur- 
vature of the upper surface but featured two curves of 
different radii on the underside. Under the curved sur- 
face were a number of short projecting ribs which began 
at the leading edge and tapered to a point before reaching 
the trailing edge. These, said M. Coanda, insured lateral 
stability by keeping the airflow under the wings parallel. 

The span of the lower wing was considerably shorter 
than that of the upper, and neither was attached directly 
to the fuselage. Actually, more than two feet separated 
each wing from the fuselage. Conventional struts were 
absent. Two strong steel pipes on either side of the fuse- 
lage held the wings together. The entire aircraft was cov- 
ered with a thin, highly polished wood veneer. 

The landing gear was the most conventional section of 
Monsieur Coanda’s airplane, ( Continued on page 44) 
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Henri Coanda’s Answer to the Engine: 


Who Needs Engines? 


R.H, Warring Pneumatic Handbook, 19^2 

Airmovers 


THE JETFLOW Airmover is a device which converts a small quantity of low pressure air into a 
large volume of fast moving air, its principal application being auxiliary ventilation of confined 
areas, or localized ventilation. Since the device works without power (other than a supply of low 
pressure air) or moving parts, it can provide safe ventilation in potentially explosive atmospheres. 

The principle of operation is shown in Fig 1. A supply of primary air enters the manifold where 
it expands to induce a depression at the throat of the venturi section and also attaches itself to the 
current aerofoil surface by Coanda effect . Secondary air from the surroundings is induced into the 
throat of the manifold, where it mixes with the primary air and accelerates with it thrcuan the 
divergent tube. The result is a high velocity mixture of primary and secondary flows emitted from 
the end of the tube, entraining more surrounding air. 

Jetflow Airmovers can be operated singly, in series or in parallel and they perform extremely 
well when connected to ducting. There is, however, a limit to the resistance they will overcome 
but at best the Airmover will generate a static pressure (suction) of about 112 m/bar (45" W.G.). 
The resistance to airflow is determined by the length and diameter of the ducting end the 
frictional characteristic (K factor) of the duct lining. 

Adequate Airmover performance depends on the correct application of these variables:- 

(a) Gap Setting. 

(b) Pressure of primary supply in manifold. 

(c) Volume of primary suoply available. 




1 - Primary supply enters the manifold 
via annular gap and accelerates 
over the aerofoil. 

2— Secondary supply is induced into 
the throat of the manifold. 

3 - Mixing , cooling and diluting in the 

divergent tube . 

4 — Expelled at high velocity entraining 

surrounding air. 


OH n 'Jet flow' 20 air mo ver. 





Performance characteristics of Jetflow 
20- E Air mover. 


60 INPUT PPESSUHt 


Typical installation of a 'JeJ/ow Air- 
mover ' on a diesel powered mobile 
vehicle. Engine exhaust Is connected 
directly to the inlet manifold providing 
primary supply to cool and dilute the 
toxic exhaust gases. 



The Jetflow Airmover will operate effectively at manifold pressures varying from 0,04 bar 
(0.5 ib/in 2 ) to 3.9 bar (55 Ib/in 2 !. It is recommended that the maximum manifold pressure does 
not exceed 4.2 bar (60 Ib/in 2 ). in many applications most efficient operation is attained within the 
range 0.35 bar (5 Ib/in' } to 1 .4 bar (20 ib/in' ). 









Henri Coanda, the 

inventor of the first jet to fly 

46 years ago , has co?ne up 

with a neiv concept of propulsion — 

the ", Lenticular Aerodyne 





By MARTIN CAIDIN 

I N THE PENTAGON recently, I was shown design 
sketches of a disc-shaped aircraft which had high 
speed, ability to hover, and could rise and descend 
vertically. This so-called “hying saucer” project has 
been taken over by the USAF from Avro Aircraft Ltd., 
of Canada. 

The disc machine achieves its extraordinary perform- 
ance through a phenomena known as the “Coanda Effect”. 
Engineers have long known, from the work pioneered by 
the brilliant French Professor, Henri Coanda, that if a jet 
of gas is discharged adjacent to a surface, the flow tends 
to follow the wall contour even where the surface curves 
away from the original jet axis. Jet streams can be in- 
duced to turn through angles up to 160 degrees, resulting 
in a vacuum above a wing shape, with a corresponding 
high lift from below the wing. 

I was told: “If we had listened to Coanda many years 
ago, and turned our engineers loose to develop his 
theories, jets would have been with us several decades 
before now. Coanda actually flew a jet in 1910.” 

Thi- was news to me. So far as I knew, and according 
to all the reference volumes, the first * jet flight was not 
made until August 27th, 1939, when the Heinkel H-178, 
powered with a Heinkel-Hirth gas turbine unit, reached 
a speed of 250 mph. But if Coanda actually had flown in 
1910 — why, then we had had a jet flight 4G years ago! 

The offices of Air France in New York arranged a meet- 
ing with Professor Coanda, so I could learn at first hand 
of the unprecedented work this man has accomplished in 
the field of aeronautical science. Coanda’s extraordinary 
story began, as with so many of the great air pioneers, 
w.ten he was able to watch the experiments of other men 
tron attempting to develop various models of the new 
-ro machines.” In 1904, Henri Coanda witnessed me 
t-\ pertinents of the Frenchman, Clement Ader, who seven 
gears before had briefly managed to become airborne in a 
- U: a m - p o\v er ed airplane. 

After several months of study with his close friend, 
F"rber, Coanda started to design his own aircraft and, in 
>9 mtered the School of Ad- 
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vanced Aeronautic Study. Shortly there- 
after, he began his work on the world’s 
first jet aircraft. 

From the start, Coanda decided to elim- 
inate the propeller, which he felt had 
limited potential. His initial calculations 
indicated to him that he could obtain far 
greater efficiency by use of a type of air- 
craft powerplant which he called the 
“turbo-propulsor.” 

But let the Professor tell his own 
story: ‘‘From the beginning, I wanted to 
do away with the limitations of current 
thinking — that a propeller was indis- 
pensable. All airplanes operated on the 
principle of a kite, and had a propeller 
either to drag or to push them by motor 
power through the opposing medium of 
the atmosphere. 

“I believed a more effective motor 
fence could be utilized by creating a vac- 
uum in front of, or above the aircraft, 
into which the plane would be drawn. 
This is a natural phenomenon, demon- 
strated every time a tornado ravages the 
countryside. 

“I had asked my friend, Clerget, to 
make me an especially light engine, for 
which I had given him general specifica- 
tions. Clergets inventive genius, in just 
a few months time, gave me a motor 
which weighed a mere 2.8 pounds per 
horsepower, a veritable achievement for 
those times. It was my intention to use 
the turbo-propulsor to thrust the air 
through a circular vent encircling the 
motor. I intended to inject fuel into the 
air stream, which would be ignited by 
the exhaust gases also channeled through 
the same circular vent. I hoped this 
would obtain the jet reaction desired, by 
utilizing the total fuel value of the gas. 
The exhaust of the ignited gases was 
directed below and to either side of the 
fuselage. I armored all sensitive parts 
with asbestos, and during static testing, 
failed to note any actual flame at the 
propuisor exhaust outlet. 

“I think a word of explanation is due 
the -pedal wing design of my jet plane. 
In order to produce a single piece wing 
with a plywood-type covering, I lined a 
large piaster mold with sheets of wood 
whicr were covered with glue. To make 
thv.se meets of wood take the mold form, 
I linen them with a layer of celluloid, 
and then forced hot oil under pressure 
into the mold. Then I let all the materials 
cool under constant pressure. But when 
the time came to remove the wings from 
the mold after evacuating the oil, I found 
it impossible to remove the celluloid. It 
had become so solidly united to the wood 
that the whole interior of the wing was 
lined with celluloid. 

“The airplane was of revolutionary 
form. It had a fuselage of slender sil- 
houette. with fuel tanks in the wings. 
The tail was of delta design, and I even 
had a retractable landing gear. Most im- 
portant in the wing design was a slotted 
rup, which would greatly increase the 
lift of the airplane. The jet of air was 
d .-.jin. rged uong the umwz surface of 


the flap, and was deflected downward, 
away from the slot’s flow axis. Thus the 
airflow through the slot stuck to the flap 
and contributed to the high lift. 

“In 1910, the wind tunnel was unknown 
but I found a way to test the design. I 
mounted the wings on a railroad locomo- 
tive and was able to watch their per- 
formance in this fashion. Finally, after all 
the tests were over and the machine as- 
sembled, we prepared for the first experi- 
ments. In December, we brought the air- 
plane out of its hangar at Issy-les-Mouli- 
neaux and, after a bit of coaxing, started 
the motor. 

“I must admit that I was never a very 
outstanding pilot. I always seemed unable 
to shake off a vague apprehension and, 
that morning, in addition to my usual 
uneasiness, I was rather excited. 

“I climbed into the cockpit, accelerated 
the motor, and felt the power from the 
jet thrust straining the plane forward. I 
gave the signal to remove the wheel 
blocks, and the plane started moving 
slowly ahead. I had anticipated that I 
would not attempt to fly today, but 
would make only ground tests on the 
smail field at Issy-les-Moulineaux. 

“The controls seemed too loose to me, 
so I injected fuel into the turbine. Too 
much! In a moment I was surrounded by 
flames! I had to cut back and reduce my 
power quickly. 

“I worked the throttle and the flames 
subsided. Oniy then did I have oppor- 
tunity to lift my head. I saw that the 
plane had gained speed, and that the 
walls of the ancient fortifications border- 
ing the field were lunging toward me. I 
pulled back on the stick, only much too 
hard. 

“In a moment the plane was airborne, 
lunging upward at a steep angle. I was 
flying ... I felt the plane tipping . . . 
then slipping down on one .wing. 

“Instinctively, I cut the gas with my 
left hand and the jet fuel with my right. 
The next thing I knew, I found myself 
thrown free of the plane, which slowly 
came down, and burst into flames. It was 
impossible to determine from the wreck- 
age whether the celluloid or the fuel was 
the cause of the fire. 

“But the test was over. I had flown the 
first jet airplane.” 

Professor Coanda, despite his bruises, 
was anxious to begin work at once on a 
second engine and aircraft. Inexperience 
with the new propuisor and an unfor- 
tunate set of testing circumstances had 
caused the loss of the initial machine. 
However, the Professor’s funds were ex- 
hausted. He had spent more than a mil- 
lion francs of his own money on the proj- 
ect, and could not secure backing. The 
world had to wait an additional 29 years 
before another jet airplane took to 
the air. 

During World War I, Professor Coanda 
applied himself to development of French 
aviation and allied fields. Many new in- 
ventions were fostered, not least of which 
was the recoil-less cannon designed spe- 


cifically for Nungesser’s fighter. 

Coanda, since the end of the First 
World War, has devoted his attention to 
perfecting several aeronautical theories 
which bid fair to revolutionize our con- 
cept of the airplane, and its application 
for personal and commercial use. At this 
time, in France, he is working on a new 
personal aircraft design which is a true 
disc. Imagine— a one to four-place air- 
craft, of disc configuration, with an empty 
weight of less than 900 pounds; a power- 
plant with not a single moving part ; a 
cruising speed of 300 mph; and a range, 
at this speed, of 1,000 miles. Take-off run 
for Coanda’s new aircraft? None! It is 
capable of vertical ascent, descent, and 
hovering. 

If Professor Coanaa’s estimates are cor- 
rect — and there is no reason to believe 
he has erred in his figures — his airplane 
will be within the price range of the 
average American automobile, from 
$2,500 to $4,000. He began research on this 
newest concept of propulsion, which led 
to his current design (the correct descrip- 
tion is Leiiticular Aerodyne) in 1930. A 
student of weather, he saw in the phe- 
nomenon of tornados and cyclones a 
power simile for aircraft. 

As Professor Coanda puts it: “Look at 
a tornado. Its characteristics include a 
certain kind of wave front, a form of 
vacuum, with power great enough to ruin 
entire towns. An understanding of this 
effect — a vacuum which creates great 
pressure and lifting power — is what 
started my research on what has become 
known as the ‘Coanda Effect.’ 

“Now, most proDulsion, such as that 
effected by propellers, turbojets, and so 
on, is what I call two-dimensional pro- 
pulsion. The most important feature of 
the ‘Coanda Effect’ is that it is a three- 
dimensional propulsion. 

“Take the aircraft wing. In motion the 
lifting power is derived from vacuum 
effect on the upper surface, and the 
greater pressure below. What I wanted 
to do was to produce the same vacuum, 
but in circular motion. 

“I wanted the vacuum above the sur- 
face, and under high pressure, to be de- 
rived from a circular motion cf gases. 

“In 1932, when I was first experiment- 
ing with this circular effect, I was pro- 
ducing as high as six tons of lifting power 
per square yard above a wing. I had 
created an enormous vacuum above she 
wing through a propulsion system which, 
to say the least, was clearly different 
from anything which had been previ- 
ously attempted. 

“’There were a good number of aero- 
dvnemieists and engineers who had heard 
about my experiments, and who wanted 
to know more. My claims, to say the least, 
were astonishing and they demanded a 
detailed pnner theory about doe entire 
affair. I h; ; no interest in elaborately- 
prepared eor:es: I was more con- 

cerned wit . working results. I had no 
time to nre .re papers for them. So, they 



“In 1933 I attended an assembly of the 
world’s leading engineers and aero- 
dynamicists. The people present dis- 
cussed, among other things, new methods 
of propulsion, and my friends inquired 
why I hadn’t made a fuss about my ideas. 
Let me clear up that matter once and for 
all. Since nobody asked me to address 
the group, I didn't bother. I had no in- 
tention of going to a lot of trouble to 
shout in anyone’s ear. 

“I saw many remarkable ideas at this 
convention. But every single man present 
was basing his work on the old and 
proven theories. They were trying to im- 
prove the old, instead of striking out in 
a new direction. They were afraid of 
being ‘different*. 

I am a mechanical-minded man, 
an engineer, and I have been a mechani- 
cal engineer from the very start of my 
career. I am close to it, intimate with it, 
f tiitdursia'td mechanical engineering. 
And that is why I hate it. 

“Take our modern aircraft. Things 
break too easy. There are too many parts, 
too many things which can go wrong. 
And when they do, disaster is the result. 
Just before the last war, I found myself 
working on a new line of thought. In 
things mechanical, I reasoned, metal can 
be brought from its familiar state of a 
solid to something molten, then to liquid, 
and finally to a gas. 

“Well, why not start with gas? Why go 
through the whole process? Why use the 
piston engine, which is terribly wasteful 
with ail its heat and friction and thou- 
sands of moving parts? Even the turbojet, 
with its compressors, is too much a devi- 
ation from the engine we need. I wanted 
a machine, a propulsion unit, where 
nothing is moving. 

“Naturally, no one agreed with me. 
This, of course, failed to be of annoyance. 
I have always been, and will continue to 
be, an individualist. I don’t like to run 
with the pack, just because everyone has 
always done so, and because it is the 
proper thing to do. 

“1 was well into the new project when 
—war. With the Germans, well ... I 
stopped all my work until 1945.” 

A; ter the liberation of Paris, Professor 
Coar. :a met Colonel Valentine, U. S. Air 
Atu.c: - in the French capitol. He and 
other officers were sufficiently impressed 
with Coanda’s work to persuade the Pro- 
fessor to leave for the United States, and 
discuss his work with officials in the 
Army Air Force. Letters of introduction 
were thrust in profusion upon Coanda, 
and he departed for Wright Field, the 
vital air development center in Ohio. 

At Wright Field, the Professor was ac- 
corded the welcome of an honored guest. 
The engineers listened to Coanda, but 
once he expounded his concepts of wave 
Fonts and aerodynes, he met a sea of 
lamiliar faces wreathed in skepticism 
end disbelief. It was an old story. Coanda 
was now convinced of the futility of try- 
ing to prove that the future in the air 
’.ay not in smashing our way through 


the air ocean by brute strength, but in 
learning more intimately the nature of 
movement within the air, and by using 
to our advantage this knowledge in new 
designs. 

(One example of this “breakaway” 
from orthodox design is the “area rule” 
developed by an NACA scientist which 
produced the so-called “coke bottle” fuse- 
lage in the Grumman F11F Tiger , the 
1,050 mph Chance Vought F8U Crusader, 
and the Convair F-102A. By allowing the 
air to move along the path of least resist- 
ance at the latter half of the fuselage, the 
F-102A, an airplane which could not at- 
tain supersonic speeds and was likely to 
be abandoned by the Air Force as a fail- 
ure, suddenly became supersonic even in 
climbs, and without an increase in 
power J 

Again, Professor Coanda: “It was ob- 
vious that I would have to do the job 
myself. I had a specific project in mind — 
to show that an airplane, whose propul- 
sion would be derived without a single 
moving part, would outperform every 
other aerial machine of comparable size 
and weight, in the world. 

“First, the engine. In my initial experi- 
ments I modified the exhaust system of 
an ordinary piston engine with what I 
called a ‘depressor.’ Without touching the 
engine at all, I increased its power by 
exactly 53.5 per cent! But the manufac- 
turer rejected the depressor on the 
ground that it was too complicated, that, 
if he wanted more power, he would add 
more cylinders to his present engine. His 
rejection was not entirely unjustified, for 
the depressor posed serious casting prob- 
lems as a production item. 

“To come to the present, I am well at 
work on the new machine, the lenticular 
aerodyne. It is for personal use, designed 
to hold two people comfortably, or a 
maximum of four, without baggage. I 
believe I can produce this new aircraft 
at the price of the average American 
motor car. 

“The airplane does not, in the sense 
that we understand it, have any engine 
at all. The machine functions as a gyro- 
scope. In the air, it maintains a compass’ 
position. That is, it always points to the 
north. 

“Imagine the machine — it is a perfect 
disc, and in its center is the passenger 
compartment, with a raised plastic can- 
opy for visibility. Between the edge of 
the circular wing, and the passenger com- 
partment, there are four large circular 
openings. Or, if you will, call them de- 
pressions in the upper wing surface. 

“Each of these openings has along its 
edge a series of small gaps, through 
which flame is ejected from a nozzle 
under high pressure. It is almost like a 
blowtorch. When the flame moves out 
between the gap, it is directed away from 
a funnel intake. This causes a loss of 
pressure in the funnel area, drawing in a 
steady flow of air, which is ignited by the 
combination of air ram pressure and the 
flame. The flame from the ‘blowtorch’ we 


may think of as a continuous sparkplug. 

“The burning gases are then blown 
outward, along the slot. However — in- 
stead of letting all the air drawn along 
with the flame move in the same direc- 
tion, a bafiie on one side of the opening 
causes the flame to ‘bend’ in that direc- 
tion, thus creating a partial vacuum. The 
greater the force of the flame as it is 
ejected from the nozzle toward the baf- 
fle, the greater the vacuum. 

“Thus there is created, along the edges 
of each of the four circular openings atop 
the wing disc, a very strong vacuum. Be- 
cause of the inward movement of air to 
feed this lowered pressure, the entire cir- 
cular edge of the disc wing is a vacuum. 
And, of course, there is corresponding 
lift from beneath. 

“The machine, once it is airborne, 
never changes its ‘compass heading.’ It 
always points to the north, just like a 
magnetic compass. It is kept in balance 
by a gyroscope in the center of the lower 
wing, which is air-driven. 

“Turning, or changing direction, is ac- 
complished by changing the pressure (or 
vacuum) on any one or two sides cf the 
machine. Let’s say the pilot wishes to 
execute a 90-degree turn to the right. 
By moving the controls, he would de- 
crease power on two of the large circular 
openings by reducing the power of the 
name 'jets, and the machine would veer 
off in the desired direction. The wing it- 
self would still point north, but the pas- 
senger compartment would revolve to 
face in the new direction of movement. 

“Under maximum-speed operation, the 
entire angle of attack of the machine 
would change to tilt forward, just as do 
the blades of a helicopter. In this fashion, 
the aerodyne would move forward, back- 
ward, to the right or to the left, rise and 
descend vertically, or hover. 

“The safety features inherent in this 
type of performance are too obvious to 
elaborate in detail. Every pilot knows the 
advantage of a machine which he can 
bring to a halt in midair, and then lower 
slowly and carefully, if he is faced with 
adverse weather conditions, or is lost and 
running low on fuel. And, of course, we 
have not mentioned the elimination of 
large airports, or the fact that the ma- 
chine can truly be landed in anyone’s 
back yard.” 

Professor Coanda said, in closing. “The 
United States and France have for many 
years worked together in aviation,” he 
said, “and it is time we resumed our posi- 
tions as old friends of the air.” Ex a 




Prof. Henri Coamla, mathematician, engineer and scientist, 
piloted his own jet plane before yon were horn 

and invented the first flying saucer to work. After 50 years of firsts, 
this remarkable gent is still "oinjr strong 

C C C? C' 

By GEORGE SCULLIN i , ]i«.i«.urn|.iivd for true by curt ci vn i:k 


PARIS 

W hen Henri Cnnnda saw bis first flying machine in 
] UOR he wa.s singularly unimpressed. Unlike most of 
the people in Paris who van bed Orville Wiight deinon- 
sirate tlic aircraft which was America’s newest pride and 
joy. the 22-year -old Henri cotdd only condemn the Wrights* 
contraption as a piece ol crude mathiners that, however 
new. was nnfortunateh obsolete. 

*’I I was a kite.” be lias said many times since, trying to 
explain that menial flash which makes genius out of mere 
talent. ”li was polled don” by a Hailing propeller instead 
of a length of string, hut it was n kite nevertheless. It was all 
wrong from the start.” 

So on the spot he devised the jet aircraft. The practical 
invention oi one. though, posed some diiiu ulties. tint the 
least of whith was the fart that he knew nolhing of flying 
or fixing machines. "Actually, that was a help." he admits 
now. ”1 had no fixed ideas nr had habits to mere nine." 

Such a modest evaluation of his rcsourc ei illness. however, 
does not quite explain how he invented the fust flying 
saucer, or the first propel lerless power boat. Or the scores 
of other ’'lusts'' he has contributed to mn world today. 
Make no mistake about it— t.:i» tall. wise-, robust scientist 
is one of mankind’s busiest men and imdouhtrdiv one of 
the great unsung geniuses of the age. 

\s for Prolessf,! (lo.mda's jet plane, it took him four 
years to baud, lit ditin t like the iraghiiv of banujoo and 
bedsluet wings. ^ he foment'd the idea of wooden wings 
ami limn invented the molded pivwood from wide h to 
bmid them. When ihrx pioved .una/ingly light and stron v 


lie invented wing tanks to double their usefulness. All t >1 h 
he produced enough aviation to advance ncmnarirs 

by several years, and Ids finished airframe was sleek eno * l 1 * 
lo compare favorably with those of 

T!ie jet engine proved more iroublcsotnc. Working on 
his models was as irickv as de-activating a live bomb. imI 
some of the explosions achieved with appropriate mixture 
of gasoline and air would have done credit to dynamite. 
When at last he had Ids laboratory models trained to dehvm 
a continuous thrust rearward — instead of forward m 
through the roof— he still had a Tire problem on his liaotN 
Once the fuel had exploded in li is single combustion iham 
ber. he could not paw the supcr-hcaicd gases through tin- 
length of a wooden fuselage. He had to release the exp tid- 
ing gases instantly. He did this by providing suitable thuist- 
pipes around the lower half of Ids cowling. I hern remained 
then only the trick of controlling Ids flow of power, emu 
ciallv during those dedicate moments when his trombus' ion 
chamber was apt to be jxmring out more ran flame i u. n 
useful thrust. A sensitive throttle control showed g o.-* 
promise of solving tins difficulty. 

Coanda and his jet aircraft were now reads to lean to 
fly. At coi dinglv. he hauled his plane to a smai! living i f ’d 
in the subuib of lss\ dxs-Moulinenux, just bevrmd (!•<• 
vmihwcst wail of Paris. In addition to being a srr.a : ndd 
— airplanes in 1P12 muid lake off ami land jnsme < vm.-i 
ballpark— the Paris wall was still standing as a iornud b>- 
boundarx marker of sot tv 

As he i ecounus it. "All i waned to do was run nin 




Ih 


ground tests. Clu i k rm power for taxiing. check mv steering 
apparatus, check the led of the thing. \s for Hying, I did 
not know how to f 1 \ . nor did I know i! my plane knew how- 
to fly.” Unless ovcily enthused. In's English is always as pre- 
cise as that. ‘'besides.” he adds, “I was not cra/v.” 

Eve-witnesses of what followed are not in total agreement 
with that last statement. The) saw him climb into the ma- 
chine at the far end of the held, crouch in the cockpit and 
apparently adjust the throttle. Then they saw a great sheet 
of linmc and a cloud of smoke. As the smoke cleared they 
saw the plane Hying straight for the Paris wall. They did not 
jegard it the act of a reasonably cautious man. 

Prof. Coanda has a more conservative explanation. “I ad- 
justed the throttle, and it marched,” lie says, the wonder of 
it all still unlost alter 11 years. 

It marched indeed. "Apparently I had given it too much 
fuel.” he explains. "When 1 looked over the side. I saw raw' 
flames shooting mu. and that should not he. Not with my 
wooden wings lull of petrol. 1 ducked hack inside to adjust 
matters. A moment Inter things felt very diflercnt. 1 looked 
outside again to find myself many feet in the air. Straight 
ahead of me was the Paris wall. I did not know what to do, 



In his drafty lah (below) or in his elegant home in Paris 
(above) the genial genius can always be found working. 



Coand.i’s flyinj; saucer rescar. It loci to I his curious 1>y-]»ro<lnrt-1iis cnmjncrcially successful insecticide sprayer. 
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Coaiula exhibited tin's deck and futuristic jet in Palis in 1009. He cracked it up personally in 1912. 


obsolete ns the Wright brothers’ fl yin" machine. And tli( re 
were other wild stories later— that he had found that plants 
were thinking creatures possessing hearts; that he was work- 
ing on a way of irrigating deserts with ocean water; that he 
was working on a means of destroying the world’s harmful 
insects: or that hr was busy in naval architecture with a 
new driving force called the "Coandn effect,” which used 
neither sails nor propellers. 

Simple research discloses that there was no conflict in the 
stories. They were nil true. The T.S. Air Force was investing 
a lew million in a flying saucer based on the Coaiula effect. 
The French government had stopped some Goanda experi- 
ments in extracting fresh water from the sea, not because 
he was not getting a wonderful flow of fresh water, but ’ it- 
emise he was reaping a nth harvest in a by-product called 
till, n government monnpnlv. botanists all over the world 
w£rc using radio isotopes to study plant life, a. process fust 
discolored by Coaiula while he was seeking to isolate the 
PrrfW nfod br ain of a pet flower. The Connda insecticide 
becoming an international best-seller. In mod’1 
flKttftoPlAAu!:. water jet could l>e stepped up to boost a 
A’KU 1 ! WiifHTWj’M^ight out of the testing tank. 

■'■S w ttoAwist- matter, or 


l\vc crashed right at the foot of the wall/* 

LTtion causes him to pm his h.and to 

his > y^**^A r *IU^1>*?/ fTpllectiu h. ”Al first I thought I was 
seriously }£*rt because mv Tend fell full of a lot of loose 
things. Thrri^ftet a bit 1 felt better because the loose things 
Here" not i't'mtftn.g v " 1 1 h — j u M ;i few ttcili 1 

li;,,| knocked out' 7 w:t* on niv 1A(,k. and the plane tvas 
manv fat sw:iy. " 

Tims ended in 1 ^. in history, and 
whether Coanda inlfimed ty «v Ifts . rrairnfjiot, it llew. It 
was to he .'Id scars ic same. 

The flight, epoc h inakiug •W,ij? 1 Tl fi b&reIy re- 

corded in history. Modest ns^tfi°*is #al?of^^K , ^?10tnphs, 
Coanda thought it best that c\ Cryofil ? kfftT^try 

quiet about the disaste r until the siuuiHW?V*S tty* 
1 , . t , ■ , k Wf fljrtfv* .wnbitrw 

a new, better, and successful jet plane. . , f . 




] here are mam vcimoms of why young Y».t *ti« 
build a second jet. One stun lias it that he wa»g«>K^ 
other maintains th.it with World Wai I fast apjir^ScW/f)?!’ • 
he founded lbistol Aiuiaft in Mngland and bee atnlj u (i3if 
bww turning on! the famed lbistol fighters for furihei^VT^ 
pertinents Another has it that he suite red a stroke of genius 
and created the fixing saucer, thereby making die jet as 





matters, only add'd to the (ouIumoti. In 
ill is age ol specialization. how could one 
pioneei in >n in;ni\ assorted ;ind 
highly n.i hnic.T In -Ms? To t the :iihuci . 
llu* cditois of ’i k t i m nt nit one told tiny 
List winter to hunt Join out in his iaboia- 
lory in ( ‘,1 it liy. 

It would he unfair in the tenants of 
neighboring Mruc lures— mai him\t>. ga- 
iagenicn, war ( housemen— in sax ih.it Pro- 
fessor Cn.nubds brick laboratory 

is tin- uoisi min in the lot, hut tciiaiulv 
m terms o! modern siieixe. il is ;is le;tsi 
rumier uj) in ihe mnsi pomlv housed lab- 
orator \ in die World. 

T he on!’ indu.iiion t li:i i il is .1 house 
of ititntf .1 1 .1 1 1 is .1 1 imr-a ud smoke* 
(orioded platpic ol sonic dubious metal 
fastened lo .in ailing 1 1 n ut t stone. Jo 
pec: mg inn nb\ at die rinded hueting 
nnt urn m.ikt out: "Snrti{< Jntinxmr 

d r.th'dr J)/‘\ /ii . :-rl\ rt }\t,f cth\ (’.na.'tttu. 
C<i a l is." 

I rod' the sagging ! loui , 011 whuh a 
few idds of :iii; 11 ii( ji.iint (.111 he .still 
deietted. die Mild .1 : u I doom deepen. 

T ). e: e :> no ! > .1 1 1 mg sn stein , and wii:i l 
Jib'll d ? e i> conus 1 1 on ■ a lew h.i re 
h d d ' . 1 ; : c ) 1 is no 11 1 1 1 1 r c , i h ! e i in p 1 o x < • 

n a ! ’ ' .11 I’joiessor Oi.oii'u’s huge hill 

I : - -hi oiln e. 

1 he fuM mi]'U'Mon is th.ii one has cn- 
(1 in! .1 hisioiK.il loom lomllv H’stoied 
b\ some museum bin closed lor tin 
winter. 1 he u.ills. aged .1 dai k tiiovvn. 
a*e h. :: g ^ \ i t J 1 photos. ( 1 1 plom.is. sc.de 
d : . s of Jo: r : 1 : 1 1 j ; ■ .1 in s . 1 1 id m \ e n • 

t’or.s with here .mil du:e .1 modern pho- 
tograph rooking out of pint f . In the 
ctnf: of dse i»»om is .tn enormous desk 
— it -id dm v old desks pushed together 
to hold die mounds of books, pamphlets 
;t t m I pipe:' — .ind in die midst ol die litter 
is ;i it If phone di.n looks like one of tlie 
o 1 1 g h i . 1 1 models hand-made by Dr. Al- 
ex. mdei Kell. Avomul die room, in no 
d s< t 1 niiile >rder, :n e ox ct flawing file Gib- 
inns. old chairs mid empty hntnrks. No 
out il l' s lo t.i ke oil his hut or m <t< oa t . 

1 m * with .1 (juic k step and a warming 
smile. Professor (fontuhi enters, and the 
ci id .. 1 ;!noni arc forgotten. As lor the 
pun vs,,: himself— though his pas.sjv>rt 

night U urn lie will never see 70 again, 
!k hw.k ' : 1. t i\ ely *JI) years younger tlum 
m ' d. ;det 1 and fit, he lies a IxwyaiU 
ait Jiii" di.it imo.es the gr a v in his 

■ ■, h.m look pietmtinre. Mis ton- 
\um :■ muI lumior are n> up-to-date as 
1 p *» i * . ’• m. i\ In i'>u 7 . but with it goes an 

( ) 1 d i’ d emiirsv one tlofs not ;evi- 
< 1: t< . . ; m* m ; c ? n s( mu ist s lit m.uie us 
fern it' uesl foi an inters irw was a 

; .. 1 1 u : udeserved bom n . 

A o e not ! 00 cold:’ he asked solicit- 

C lltsi N 

Is d ' 1 c m u d that the absent r of mod- 
el 1: * '’'Nenie lit es in the Jaboratnrv was 
the : 1 'id: ol .1 frirndiv ferni hrtv ern die 
I ii o : : vsoi ,1 mi di< i 1 1 \ of !hus. ownn of 
. ;>• • nit'. I he ( itv fating w wanted die 

sue fin adjoining aira fm so*ne new. 
incon modming ananment houses. 

| ! ; ; v d;d not ion! to lluow out the pi o- 
j., -ssor iiul his mughbors— nothing as un- 
genbunaniv as that — hut on the other 


hand dirv were not ”oin" to spend anv 
( ra nt son bra 1 . ailiaputr wiriii”. or build- 
in^ repairs. 

*'Ii ts dun wa\ of emotna^in^ me lo 
mm e 1 Jiey sax — to flatter me — 1 need a 
laboratory mole (list intpiisliedd* 

lf< ltd us out on a tour of liis eurirnt 
projects, and one ”lamc at die hu£C, 
st nil ed to- 1 he-ra fters area box ncl lii; ollicc 
was enough to show win he did n »t x> i u 
to move that enormous confusion ol m- 
lerlotkin” machinery, suspended wind 
runnels, swimming pooS-sircd tes' ranks. 
mcHlcl-htiihliiifi shops, vajior chmibeis. 
tool racks of wonderotts varieties, te sting 
blocks, and a wide miscellany of obj»** ts 
Jmilt for projects Ion” since dr- roded. 

'If we ever have to take thi*. eciHii. u 
is like that egg in the story. It ca 1 nr r 
be put together again.” the proleson njuI. 

In his laboratory Ooanda wav Ijk- a 
hoy with a roomful of tovs. Kven om d 
Ids pro jee ts— some going luick MO ,r.ns < <1 
more— held an irresistible fasemamm da 
him. Only courtesy prevented his aban- 
doning us in favor of a tilts: am u I 
model he suddenly found \astiy nor ,r- 
ti igu ing than our cnmp.mv. 

”A new idea,” lie apologised. **I must 
rememlier to come hack to it." } ]r {.» pi 
himself well in control until we r.umd 
a half-sunken testing tank on the edge nl 
which rested a heavy hron/e obj-cr 
shaped like a smnr.ed trumpet. 

”A pet/' he exclaimed. **Yo 1 iu.m 
waLih it. Il is Hot new. I have wo ken *m 
it much, but still l chi not know k xii n n* 
call it. 1 just call it the thing that x\.d 
make Ixiats run better without a p>«- 
peller.” 

\t the base or moutlipieee em «*f t!r 
trumpet he pointed out the omIim- 
through whiili water could cm r. an! 
tapped Ids finger significantly on a with 1 
chamber through which romnre.scd .0 
or live steam could be intioilmecl \|o 
turning to the bell-shaped end ol tlx d< - 
x ic v he said. 'AVatch/' 

I le attached an air hose to tlx: t b.m.lu 1 
and an eager assistant turned . v.d\<. 

I hough "the tiring that will mak a b..at 
nm better without a propeller” r*. mai.x d 
motionless, water began to flow into th»- 
front orifice, gain strength in the :<i r 
chamber, and spurt mu. the \h 11 unh 
amazing vigor. Within a matter of >n - 
oixls the thrust r >f the water JV»m tix 
srnail iruinpet was dashnig lien ( K 
against tlic end of the tank. ] widic<l mv 
l/Vlip outboard motor- could do is wi l . 

"Knongh '* said professor. 

Lidrcr tlirou^h mistake or mu nnti 1/ i«-d 
zeal, the asvisrtuu tiirncd the vnl e x.i.! 
open. T haXank half emptied jim-II c.vvi 
the wall. Water flowed on our shoes 1 1 
professor smiled. "It wasljrs /lc-o^, r.», * 

Or the. w’av hack to' Ids <>f re'- h • 
stopped at a bright, red commcv* i.d -*i- 
sion of his insecticTde sprayer. “ I licv is 
no poison in it." he observed "Old 
water.” 

< )iu c more his all-too-wtllir; g .’SMsI.ijU 
started a motor. Nothing seenu cl iom.i.i- 
out of the sprayer but a nisi: ol .0 '■ !.< 1 .. 

slowh. a fog hank began mapped a: :i*< 
far end of the iaboratorv. It .swc) < d .0 d 


rolled over us with the siuldei ou’ss <4 1 
fog taking S;\n Francisco. "F.nouj 1, * : .1 *• r 
(T)andn. The motor cut out, but tlx fog 
remained dense and impcueir.hd •. 

"It‘s the Coanda effea.” cxpi.n xd d»-.’ 
jnofessor. "h shatters the wat'*r. .W-m 
1 7 c ’ s it, as you sav. It %s- j U hang ir trd !<»• 
many minutes/' 

We groped otir way out.- 1 o* dx d.< 
pj ofessor's office the door had to I. * < ii d 
— forcibly, it seemed— against the pic' -jo 
of tlx: fog that sought to follow* r,v 

Unlike most geniuses, x.ho luxe 1 
,ia;ked allmih h»r lx ing U<-m» in pox- 
U\. Coanda (lemousnated a pi enaiai 
astuteness in being horn In wealths, in- 
dulgent parents in Unc liarevh I:; return 
lor liis good fortune, lie bee; me first an 
infant prodigy and thru a cluid prodigs 

■ ighn niathem.it u s. Id. the dux he 
Ifi he had outgrown hi' lotal proles- 
sols, and lu's ndnuiing nai v sent h. in; 
:o consort with vxb giea: engniecis a> 
Dr. Alexander l.iiiil. i*f Fdlei Tower 
amc, nix! .with great mathematicians a^ 
Dr. lhiul Pnhdexe. so admiied that three 
times he became Premier of Frame hv 
wh.it amounted to popular acfl.iim. Un- 
der their spouvorslun Cioand.ds stic-utrfic 
siauire grew v> f;oi di.n in the time he 
was ”(> he was in fan wax- ol following 
j.iusiein and a few i plnsiusts into 

the abstract realm ol pure mat.hnnaiits. 

An intenseb st'J i«ms siholar, parked 
with cnergx. he p!«>wed mn> time-hal- 
lo wee I stientilx ih emits 1 1 U ,1 pin -shat- 
tering bowling I), id. Me agreed v.i:!i 
no tiling. Tile mnu s;u 1 1 »s.i m 1 1 he hi. oi x , 
the less he agreed wadi it. Suddenly he 
found hitmell in a xiolem lend with the 
internal combustion engine. 

To Eiffel. I ’aind'W and Imudirds ol 
great engineers, the inlet nal-combustion 
engine was tl’.c gieai god oi the iwcniietii 
<emury. It w.is ilie machine that wnuld 
re\' 'oluticmi/e iiuiusux. c.>\c the xxorking 
man, and as an added dividend pul a 
gasoline buggv. naphtha boat, and living 
machine in cu n home. Uoamla thought 
it stank. 1 le still does. 

"flow/* he a-.ks reasonably enough. 

1 you per let t a ma< him t.hat commiis 
. -( ide widi iis < 1 w ii ! :iit ion*- It b lul! o! 
moving parts, and ,i> ,m f'i!gr'”rr. I u 1 - 
sent inoxing juris Y'm x* id s--e that in 
r.lty years tlie run ; m: 1-M>eii *ust :on en- 
gine will J)c re<ogiinad ;is fr-ak tov, a 
wasteful, i nt fix x n t pa u oi fold . You 
will pardon nx il I speak heatrdb. bill 
the world would he nnx li further ahead 
d engineers had sc**n ih.u f? 1 1 \ \('ats ago." 
Modestly he laid m n^d. ' ,\s ’ did." 

Nevertheless. C.o.oula remained dis- 
creetly Client bu some years part I > be- 
( arise he wa* too toKMrous to tin oxv vox ks 
at the idol of jus p' j-sfm.d duends hut 
mainlx because lx d( :eo||;d a utuiii! 
weakness in liis jugu. Am or ding to tin; 
engineering logic oi the da\. if an aiuo- 
mohilc. ship, annum, or e'-eu .i sta tion- 
at\ engine iiiox-e*! or lilual parts from 
one place to another, then tertainh it 
w-as incMtahle that parts liati to inoxc. 
Until 1908. (Joaixia. found no xxatv f > f get- 
ting around rli.it. 

I ha t w as die \ da 1 Dm Pa ub,e\ c. servi ng 
f'ue ol lu's peiiiH.u terms as premier. 



combined Ins admiration of internal 
combustion engines :md flying machines 
by inviting the Wright brothers to dem- 
onstrate their airplane in loanee. 

“And pouf! (here it was." recalls (lo 
“A beautiful nit plane anchored to 
•s internal-combustion engine with a 
at lug whiiling dull Hading the air 
.ntu su t j t n issio m . * ’ Hr duiddvrs. “Air 
doesn’t need all lb.it abuse. It is made of 
erases, and needs no more than gases to 
overpower it. look. if sou blow up a 
balloon anti icb.isc it. it jets oil verv last. 
That is what I thought then. 'All you 
need.' I told ni\ sell, is a constant flow 
of gas from the am iaft like that escaping 
(mm a balloon. Surds lliat cannot be loo 
hard to arrange.' " 

It was arranged, with his jet engine 
i unlaming tm moving parts. "What 1 1 n ] >- 
])C 1 k d a! tei the crash?" we asked. “Why 
didn't you build another jet?" 

“it is a sad stors. Very sad. Somebody 
talked.” 

I J i e talk tliat did the damage reached 
no v\ ,i r eh p.n t mcntv no aim a 1 1 manufac- 
turers. no kings nr potentates. It readied 
nnh. his lather, which was enough. Up 
to that ntnni'-m his parents had been foot- 
ing the bill for Ins "scientific experi- 
ments." still londls hoping that their vm 
would find himself and become a profev 
snr. a position regarded in Ihimpc as 
eminentls tespec table. When thes found 
voting Henri was throwing awav Itis pat 
lintony on wli.a ansone could sec asms ;n. 
expensive fnim of suicide, they Sinn- 
limned hum 

' ‘ i o 1 1 1 now on." said Ins father, “you 
are on vour own.” 

For tin fust time in his life Coanda 
was lon'.al to think about money and 
where it c a me from, lit: found it dull and 
umewanlmg wmk. I o this day money p 
something he ignores as much as possible'. 

Ho ft i "i [ommerua] venture was to u\ 
n, Ml ! t a ,w c nr his jet aircraft. When 
the authorities discovered his plane con- 
sj\n.t! of a small mound of ashes just out- 
sill i the tit', wall, Jk was made aware ol 
tlit Imiiiiv oi pressing the sale. He moved 
•no ; » l.ngbmi I n his complete ama/c- 
mi nt the i ■.nghsli bought not his jet en- 
gine Imi his anil. mu. So mans imestois 
; - c so impressed ivitli his molded plv 
v> ! *n< 1 wings. Ins wing tanks, flexible 
landing gear, simplified controls and a 
multitude of minor improvements Ui.it 
Lite next thing lie knew he was rounding 
Lristol Aircraft, srxari to become one ol 
the lending aircraft manufacturers of th • 
v orid. 

lb LLa Coandn. the scientist, was 
bravely facing the grave dangers of riches 
and sutc cm He wav sav ed onlv bet am 
Ins feud with the internal-combustion en- 
gine was blazing ns strongly ns ever. H> 
had been too successful in adopting Ins 
airframes to conventional motors, and 
with the whole world .sold on piston- 
driven propellers, his l>onrd of director 
'■i w On 1 utu rc ltd wasting monev on C.n 
•nui.ds pet theories. 

His in tent ness drove him to suit id. d 
lengths. To tarry on his research in g.is 
abllow. lift and a invatf -lions 
tiling called vacuum, lie taught hur.srll 


how to fly . Now it is one thing to posse v. 
the creative genius that can design a tnm- 
plex and advanced aircraft, and quite 
another to possess the physical noulini- 
tion and daring to fly ii. a fact that has 
kept many designers living it lot longet 
than many test pilots. Coandn brash h 
(let ided thev were one and the same 
tiling. 

“I was a terrible pilot." he admits now. 
“A most terrible pilot. Formidable." 

Though Cn.mda has always beet given 
In understatement, those who have en- 
dured the horror of watching him II' 
consider Luanda's description of Jus fiv 
mg ability to be gross understatement. 

successful Lading, it was a case of plane 
meeting runway through sheer coinci- 
dence." 

A ivpicai High:, fur instance, would 
find him cruising at ilangenuislv slow 
speeds between ripe grain fields and shirk 
forests, choking nut only the thermal 
differences but the thilcrcnu s in the ioni- 
zation of the air f>vcr light surfaces and 
da i k . 'Mien lie would didt over to loiter 
around a growing Mimuhis (loud, an 
aerial J’ecpipg 1 om living m disc over dt£' 
moment oi conception tli.il created a 
droplet of pure water out of invisible gas. 
In the meantime he would be making 
copious notes on his observations, jolting 
down instrument readings, and occasion- 
ally mnembering :m old flying rule that 
if hr was hanging bv Ids seat belt, he was 
probably upside down. 

Theoretically his copious notes were 
destined to augnmnt his laboratory re- 
search on jet a ire raft, but tin c mu lusions 
he reached had an annoving habit of 
dead-ending in the midst of nowhere. 
Nevertheless lie stored them all in the 
back of his mind. 1 hey made cpiite a 
i hitter, seemingly unrelated and harm- 
less. 

Then one day he was Hying along 
when he was struck bv a second spark of 
genius, and a whole clutter oi ideas 
erupted. In that (lash his own aircraft 
became so obsolete that he was surprised 
to find it Mill able to flv. Ciingerlv he re- 
turned to the field, hoping the old laws 
of aerodv ii.im ic s woidd last long enough 
to get him s.ifrlv down. 

“You h el v ci v good when something 
like that happens." explains Iholtssor 
(ioanda "You don't know what vow have 
got. but you fee! good anvwav. Light- 
headed. and you s.iv to Yourself. ’ I oinnr- 
row the details will all come into place, 
and you will know what von have, and it 
will be wonderful.’ " 

If he didn't, know what lie had, he 
knew what he was going to get. As on the 
day he had condemned the propeller- 
driven a in raft of the Wrights as obsolete, 
and invented die jet. he now condemned 
his net jet protect as obsolete, and in- 
vented tire living saucer. Small wonder 
gemuses arc apt to he called cra/v Whh 
the jet age std, a quarter of a centurv in 
the future, here was a brash young man 
not onlv declaring the jet obsolete, but 
proposing to pone it. 

And therein lies the difference between 


Trof. Coauda and his academic col- 
leagues. (Ioanda has always shunned the 
ivory rrfuge and personally taken on the 
jeering, practical world. With Itis flying 
saucer, he gave it pientv to jeer about. 

The Coamla cflcct did not arrive full 
grown in Coanda's mind that dav. He 
was merely watching airflow rihlxms 
prove wh.n the birds, the Mrs. and the 
plane • designers had long since discov- 
ered: that when a Mined wing or surface 
is passed swiftly through the air, it is 
lifted not so much by air pressure beneath 
the wing as by a partial vacuum created 
above it. (ioanda now found himself re- 
garding this time-honored process as a 
most awkward procedure. Why pass a 
wing through the air*' Whv not just pass 
the air n\ri the wing? In either case. 


i he first laughter came fn*m aircraft 
dragnets and manufacturers. They 
pointed om there were only two ways of 
passing air over a motionless wing. You 
could place a captive plane model in the 
air stream of .m electric fan. or you could 
cage it in a wind tunnel In the first in- 
stance. you would have difficulty in keep- 
ing an electric fan suspended vnne dm 
tame ahead of a full vale plane: and m 
the Mtmid instance, free flight would be 
eve n more dilhnzil in a wind tunnel. 

(ioanda. however, was not thinking in 
terms of fans, within wind tunnels or 
out. He* was still thanking of his jet en- 
gine, but in a vastly diilcrcut way. 1 le had 
thought n! his original jet in terms of 
tin list. Now lie thought of it in terms of 
lilt. The first had fore ed the wing through 
the air to get lift: the second would 
forte the air over the wing, and the lift 
<otdd be vertical, horizontal, or in what- 
ever dirct t ion desired. 

“All the while 1 was thinking this. 1 
was going backwards," he says cheerfully. 
Plainly lu* recalls those frantic, harried 
years with pleasure. “When I built my jet 
airplane, I knew nothing about aircraft, 
and had to learn from the bottom. Now 
I was a good aircraft designer, tpiite good, 
and I had to unlearn from the top. It 
was vexing.” 

Jn going backward he shed first his 
wings, or at least the conventional 
theories on wings. Then he shed the tail, 
and finally be eliminated the fuselage. 
Along about IH.HO his design was down 
to an irreducible minimum. A disk as 
shallow and as empty as n clay pigeon. 

(Ioanda wanted his aircraft, which lie 
had now dubbed the rcntirular nerody nc 
to rise vertically. A conventional aircraft 
could only rise* vmirallv if its airspeed 
was slightly in excess of its headwind. An 
airplane flying 1 10 niph. for instance, 
(ould bead into a JOd-mph wind, and 
convert its excess speed into vertical 
(bin!). 'That took a Jut of power on the 
part of the plane. and there wa s da 
added diffu nil v that 100-mph w inch w ei c 
not alwavs < om niinuiv available at ail 
airports. LKcvvlu j c the concept of ver- 
tical take-off was .fttjug smiic small sup- 
port fiom hriitop i naliusiiivh hip dies 
loo, were exprri l'cmg d ilia id ( ic s. in 



huiincss could prove io each o.hci ih.it 
the helicopter could fly, hut thc\ couldn't 
prove it lo the helicopter, vhich it: 
mnined obdurately on the ground hu an 
other nine years. Besides, Coanda looked 
upon the helicopter with scorn. Jr n .»> 
full of moving parts and flailing r^to' 

His own problem was the sin pie kind 
that drive men marl. On paper he «mb. : 
prove tha". Ins rcnticu3.tr aerodyne, uinm 
activated hy a self-generated flow *»l .u* 
over its surfaces, should rise hkc a G\ 
rocket. But in actual tests wit! m«»d< U 
’he could produce only a whisti tig u«h-.» 
with his airflow. Nothing (‘be l ippemd 
A pipeful of smoke ollerctl the mo 
clue to what was wrong. One cl. y !u v.t' 
watching a stream of air flow over a j 1 1 1 - 
ur-si/ed disk, producing a lift Fiat * onld 
theoretically tear the wings ol a nut- 
vcntional plane, when vnne mlum* 
smoke was drawn into the ctinem. Foi a 
fleeting second he saw in the swilling 
smoke n strange pattern. At once in m*' 
reminded of the ribbons he had u-»d in 
studving the airflow over the win** n! h * 
old Bristol. Riblxms were too coatse to 
trace the minute diMUibancts oi an Ihm 
ing over a model, but smoke. . 

In the next few days Goandn ate mon 
smoke than a firefighter does ,n .* Id. 
tune, but he had the answer to his i>»o‘> 
lean. According lo his theory. tlm 
(flat was produced when ait uc.md .. 
vacuum in passing over a curved su:l.n< 

I f Ik used a smoke bomb to c !i:n gc h > an 
thamber, thru where there was 
there had to be atmosphere. When- d < :» 
w.i> iif) smoke, there was v;iumijh. 

What had thrown oil In\ ni;i t i leui.i t i< .«1 
calculations was a little tiling that i»rly 
in the last few years ins assum- <1 imp *r 
lane e in aerodynamics. A thing • afled t ! « 
“boundary layer''— that thin sk : n o! »n 
whif It ( lings almost magncnY.db to a mii 
face even at super-sonic speeds. I h.ii 
added molecular layer of air building mi 
the mi: face of a model had been enough 
to distort the theoictic ally sni- oih 
of air. As a result, the vacuum Go.ue'i 
had calculated was producing a lilting 
effect above his aerodyne tenth . now In 
seen (thanks to the smoke) trailing in- 
effectually at some distance if* the r< .t i 
A slight alteration ol the dir- ohm »*l 
aii how brought the vacuum ba> k \.h<n 
1 1 c oiiid eh > some good. 

Rut Goandn still had another eiuun his 
hurdle to jump. No ]>owcr. “You will 
rerail in 1 HN S the airplane engio- v.o 
becoming very good” snvs Ibofes m' 
Cl.nanda. but lie cannot resist ach ing. "!'•> 
powering kites. My poor old ji t cnyi m 
of 1MJ2. it wouid no longer tin. ( a it.utds 
it would not do for the model I iruen-hd 
to hniid. For n large aerodyne, n ,n l>« • v 

but 1 was mindful that my mold ,*• ,• 
pilot was not of the best, so I wa nn 
temnti’d to build a large one to Fy mw ):. 
1 was alive after much, and va*. i|«i.a 
harms to stav so.“ 

I Ac power source Ibofewoi (hp. 1 . 
ftn...is devised was chnrtsv bin cucmo- 
instead of using comp’cs'cd ail in mu ;* 

• hohers. lie now installed a aig»* . n 
: nn-ew >r. Instead of miildinit '»ne \< m 
:*e model, in* built two, and in dun 
■:::.icu die uruoue Cioamla badly* F..u 


■ . s 1 s% .1 1 < i OS l : liKJI lop MUl.KCS. 

(“Backward” is a detection applied only 
tf» the mode Is. In his present cvpcr iincnls. 
C.nanda is working <m (npiiok that will 
applv his eHect in anv direction and at 
any speed.) To tlie bottom ol each aeio* 
’• ne he attached bullet-shaped reservoirs 
- his compressed air. the reservoirs be* 
,ng regulated to keep the flow of nil con* 
si.mt legaidiesv <>: the pulsations of the 
air coinpi cssnr. 

All that mu. lined lo do was wo! k out 
n suitable connection between the air 
compressor and the air reservoirs that 
wouid permit the aerodynes enough free- 
dom to move. The device he hit upon is 
strikingly similar to that used today by 
jet-powered helicopters, ]iot as the jet 
pods are mounted at the ends of the 
rotor blades, his two aerodynes were 
mounted at the end of a hollow tube: 
where the pods ate supplied with fuel 
through a connection at the axle, his 
aerody nes were supplied with completed 
air. In fact, so identical are the two ai 
rnngcments that if one wants to he old 
fashioned enough to think in terms ol 
helicopters. Brolessor (loanda is con- 
vinced the use of miniature aciodvncs at 
the tips of rotor blades would he far 
nnoother and more efficient than the use 
of jet pods. 

Once his aeifxiynes weir propel lv 
aligned on the hollow tube, and the tube 
mounted to revolve freelv on its heavy 
Stand, all he had in do was turn on the 
compressor. W’lich is like saving that 
once the mountain is there, all that ie- 
mains is the climbing. 

'loanda turned the \ a l\ c 
vt first there was nulv the shiill whis- 
tling ol escaping an. As l.n .is the (lo.mda 
c fleet vvas (niiurmb the an might just 
as Well be blowing nut ol opposite ends 
ot the hollow tube. ’I lien the whistle 
turned into a snarling whine From each 
aerodyne the ejected air began ripping 
holes in the atmosphere, leaving gaping 
voids of vacuum. Drawn into these voids 
were the aerodynes, laster. and yet laster. 
5pining around their axle they became a 
streaming blur. 

It was something tn see. I wo aerodynes 
spinning on an axle as though they wouli I 
liv of! into space, heavv stand and all. 
and impelled in their furious orbit by a 
power never used by man before. A 
mighty power made up of nothing at all — 
a vacuum. The ah compressor pumped 
away, and the compulsed air screamed 
past the baffles in a din that was strangely 
comforting. At least one could tmdei- 
stancl the familiar power of man-made 
compressed air. and even understand its 
use in jet propulsion. But what staggered 
the imagination here was ,: t.u tin- am»»- 
viyncs were appp -.e id : ^ • / i d of 

sound not through p: j.op. . - 'mt in 

defiance of it. TT;c air was jetne.g f*li info 
'pace at right angle** to the line ol Might, 
.easing behind a void i .hat *>**is the .iwc- 

' n C thing — tiie «issks were being di. iwn 
> a void. Wiicie might d'e* go in bee 
...glU? 

At the end of tie firM success fid dem- 
' >n<t ration. Cioancij ,-nd his assist ,mi\ 
s\*c rt‘ stunned, first i / v the *bh uc e th. t fed 
lowed the last sigh nl a:r. and then h\ 
k . he significance a! wh.u ;iu". d 


twi < n the first to ice plum, of die C-oanda 
(fleet and tin. laboratory proof that it 
would work. What lay ahead was an air- 
craft so revolutionary in concept that it 
would m ike obsolete every airplane then 
fly ing in the world. 

“We had the figures to prove it,” Pro- 
fessor Coaud.i says. ”On paper we had 
created n passenger-carrying rcnticnlar 
aerodyne that could rise vertically, hover, 
llv faster than the speed of sound, and 
land on a surface no larger than itself. We 
used those same figures to build our labo- 
ratory models. When our laboratory tests 
proved successful, we knew there was no 
scientific reason why a large, passenger- 
tarrying model cotdd not work. 'True, we 
still had to invent a new source of power 
to provide a high-speed flow of gases, and 
we had to invent steering controls that 
would provide complete stability from 
/ein to several hundred miles prr hour, 
but those were meie details. The main 
thing was that the rcnticnlar aerodyne 
w orked !” 

Awaie what goes on in the cold, realis- 
tic world of commercial aviation. C-oanda 
hastened to protect himself from the 
hordes of aircraft manufacturers Who 
soon would he storming his dnorv lie 
took out detailed patents on the ano- 
dyne and the (Joandn effect, not onb in 
Frame, but m England, the loihed 
Slates, Germany, and other technically- 
minded countries, in the light of subse- 
quent Hying sauru stories, this action 
becomes important. In the mid-thirties, 
behne a sc j urns lib wav rlanprd no 
si leniifir advames in strategic fields, .d! 
patents pf 1 1 a in j ng F lo aviation woe care- 
iuilv scannod b\ all aeronautical en- 
gineer s wort in ol their hire, and ( loam! a\ 
applications emir c». , Tnph'ie with dia- 
grams and sketches, with nothing (on 
((‘all'll, lie sat hack to await the rmh. 

He didn't even get a postcard. 

Once more, as in the case of J\is jet 
airplane, he was ti>o far ahead of his 
time. As fnr as the commercial world was 
concerned, he might just as well June 
proposed another wild scheme to sol 1 per- 
petual motion. In the academic world, 
however, his stature was sudi that he re- 
ceived slightly more flattering attention, 
notably in France and Germany. In re- 
sponse to his learned and detailed scien- 
tific paper on the Coanda cllect. Gentian 
physiuMs did him the courtesy of build- 
ing scale models of his rcnticnlar aero- 
dyne much like those he had used in ins 
own earls tesiv Thev reported back that 
they worked, and made nma/ingh success- 
fid classroom tow. their shriii noises 
keeping even the most dormant students 
awake. 

Here again, in the light of fixing saucer 
developments, an innocent action be- 
comes important. In the course of World 
War II I i ic Germans revived Coanba’.s 

ones on gt nronulsi/in vucr.eWudv 

ugh ! o tlnow unite a scare into Allied 

us. Suit the' unleashed no living sau- 
«*m\, I har dors not mean, however, that 
tiic saucers were mst or forgotten. They 
< u a v hav e bef-n w / ■ : 1 along tn development 
wnru the Ru'sems iwoom 1 in to clean 
curt tire rese. uh renfew. >ricm:isrs and 
ad M ita; p -rr :> s:»^f ui.uio «. i*\n Go an da 



i *> i m *i l : ; . ; t : . t ; f * : i ” lie seen ibis 
who lu'tiimc hurried quests of Moscow 
were 'cvcr.il familiar with his effect. And 
he i* cquallv cominced Thru the disks i c- 
(entl; seen hurtling through the skies 
of northern Europe arc the products of 
tiicir handiwork. Certainly the Unidenti- 
fieri Fixing Objects program of the LbS. 
Air Force does not discount that possi- 
bi Iit\ . 

Mwriv Murounds Herman develop* 
moots o( the acrodvnc. ii any, but the 
same (anno; he said ol what the French 
phvsicists learned p! ior to World War II. 
In l!W» J’ruf. Albert R. Metral. thief of 
the Technical Cabinet of the 1 rein h Air 
Miuistrv, (ompleted a series ol exhaustive 
tests on the ten m u !ai a erode nc. and pub- 
lished Ins findings in a scientific paper 
tliat received woi Id-wide (initiation. 
Terhaps ihe most astounding item in the 
lengths repoit is the revelation that when 
the Cnanda c f ! <■< t takes place ox ei a renti- 
culm awodvuc. the resulting lift is equal 
to a staggering two and-a-h.dl tons per 
*quaic v.ml ol mii j.n c. In shoit. enough 
hit to permit a \eni«al lake-nil in any 
lentil it la r aeloih ne not made out of lead. 

‘File U.S. Air Fnrie has now repealed 
that it has a lew million dollars invested 
in a saucer shaped anrralt based on the 
Coamla cflcil. being built by AYRO Tul., 
of Toronto. Cinnad a. And now can be re- 
vealed one of tl’.e b-M-kcpt sec lets of 
aviation historv — a imtirr ol public 
knowledge h»r mnu than Ifu uao. Lik' 1 
1 cigar Allan Poe’s stnrv nf tin* purloined 
letters, best oimcalu! wlien it u .h most 
tonspiuious. Cnamla's living s.mur min- 
jileteiv v.mhlud in ;un nt o!fue publica- 
tions. Libor. i torv exp' lime n fs. ami m ien- 
tific papers piddidntl b\ the French \ir 
M misn v , 

More :nii:i/in; than the rase ol the pm- 
Joined saucei is the next step in the dc- 
u In; : cut of the Coamla tiled, l.’nable 
to swing the lull-scale dev elopment of the 
acrodvnc with his own dwindling supplv 
of francs, Coanda was fenced to suspend 
rescan It in that direction and hunt 
aroum! for .some other and more remu- 
nerative aspect of his (fled, lie found it. 
ironically enough, in the internal-tom- 
bnst;- : 1 ermine, that hated contraption 
hi led h moving pads that had d liven 
him imen: the ji t engine in the fust 

place. 

Second oniv to his liatred of moving 
parts in an imerual-in.nbusiioH engine 
was Cn.iud.ds loathing of its waslelul in- 
efficiency. 1; struck him as ridiculous, for 
instance. that exploding pasts in a cviin- 
der were at peak power when the piston 
was at the bottom of its stroke, and that 
it was againo this peak nf power that 
die piston had to return. The exploding 
gases weie not drawn out nj the reiur- 
lantlv opening exhaust valve; tbrv were 
birred -mi. ("gluing e verv inch of die way, 
in the wuuimg sitwke oi the uiMim. 1 he 
loss t » ! pnuri uas mormons. "So I s.iv to 

mw-f ; p ;!t • c; ( ,an<h cfl ert will take 
p ; ; u e wherever gases flow under high 
pressure. Next 1 ask of myself, 'If ! appjv 
tiie Coanda (Tied to the exhaust gases oi 


an internal combustion engine, what 
good will it dor'" He shakes his head 
wit Ji n wry grin. "So I thrust upon a de- 
fenseless world another internal combus- 
tion engine." 

1 lit, C.x.inh.’ tugmc, \sjih an cihcicncy 

rating 'JO percent higher than that of con- 
ventional two and four cycle engines, has 
vet to set the commercial world afire. lint 
it did serve to keep his laboratory out of 
bankruptcy, and this in itself may still 
prove of mote value to the world than a 
few million francs in cash. What the 
unique engine docs is replace the exhaust 
valve* with a Coanda effect baffle, and 
substitute for the labored scouring stroke 
of the returning piston, a vacuum ro draw 
oil the exploded gases. The technical as- 
pects can he explained only in several 
pages of complicated mathematical for- 
mulae. hut the net result is a constant 
flow of power-producing explosions freed 
ol all hat k-pi essure from the exhaust. 

C .o.i ud. i does not blame anv c onspiracy 
of ma nwi.K t ums bn the lethargic recep- 
tion at muled his engine, lie is delighted 
that am thing as obsolete as an internal 
combustion engine, even his. could do ns 
well 

Ills next venture was a surprisingly 
logical one. If the Coanda eftect could 
eliminate the propeller of an airplane, 
why could it not do the same Tor a boat? 
That there were some basic differences 
between boars and aircraft and between 
water and air, Coanda happily chose to 
ignore. 

Water, lie has found, is the most ac- 
commodating of all gas combinations, 
and i he most rewarding to those who care 
to prv into its secrets. Its tw« t parts of hy- 
drogen to one part of oxygen perform 
readily In changes of pressure and tem- 
perature, ISO degree’s being enough to 
convert solid ice into liquid and then live 
Ateam It is the ma jo- part of all living or- 
gaiMMMA, and In nec the mam suppoo 
fife itself. It comes in ocean lots oi m\o 
ible droplets without loss of inleg! i \ . am! 
will obligingly run up hill or down 1 1 A a 
good mixer, behaves logically mos» of ' • 
time, and vet doits itself with a n\ m j v 
that keeps it ever fascinating. Mo t m.'- 
leriousol all are its source; of trrnw n;!->i < 
jnvwcr, few of which have been tapp-d. 

It was with the conviction thu ;b r 
(Manila efUct could tap one o: iL e 
mvMcrinu* sources of power that ( o.o da 
began his research. His experiments : l 
him far afield— he became an au:h" its 
the sex life of aphids, organic Jcrulo* \ 
radioivunpes, and the mental po; e:-. 
vegetables, among others— but hi' st'a * 
big never look him far from the ( otndn 
i flee t. 

Obviously, if hr- was to study tin no- e- 
mmt of water, he fust would !.iv io 
leaiu whv water moves. Gravitv woidd 
ex jilaui v% :iv ?t moves down Nil! and 
fer enc cs of water tern pent uve w- - • . | 
explain vnuc of the ocean cu mm; 
capillary aunt t ion would, or Miotdd r,- 
plain whv ' tei move', up hid. Th m* t- 
bk with r. • darx' art ractinn Mas ji.u u 
offered only a u*i;jk and partial exnl.os ♦ 


lion. In lalniratory experiments vv; h hue 
tubes he could use capillary att:-anion in 
lift water several inches. Ib.o. il lioumi is 
were correct in assuming that plants 
owed their healthy cir< ulation o iLr 
same primijilc. then t li c b(t-fo*»t trees ; -i 
the backyard were doing a much hyper 
job. How come; What did the mo h.oe 
that he couldn't mike better? 

Coanda went into the pbnt-gi ood eg 
business to lint! out. lie watered his po- 
teges. and discovered that water did n- 
deed flow to the topnmsr leaves, n* ' a 
paniuikuly new discovery. To adv.uti^ 
iuiulamentai icsearch. he had to thsiowr 
just )>o\v, why and when a sperifl di to 
leached its ultimate destination ‘1 iot 
was a particuLuly difflnilt assic iimm-t 
since one Imd yci discoveicd how t » t ■.** 1 
the difference between one dropj.-t ail 
another in a pitcher of watei. l o.o di 
was nonplussed only as long as u tn»*k 
him to ransack the attic of hb w» H 
stocked mind. There he found . mi ay 
bit of information on hotop-. s . nd at 
once enneeiv'ed the idea tagn *.»g >vs 
droplets with nidio call Idlers. 

During 1 1 1 c following we'ks lie i?.n d 
liis isotojjexas they were ahvoiTrd b\ ;'r- 
loots of a plant and journeyed eo* 
through stalk, stems and leaves. I«« iio 
astonishment, they did not mow Me.nl. b 
ns in his Inloratorv tubes. Tliev imv <1 
according to a deflnire rhythm The; 
moved, paused, and moved on ay in. al- 
m*»st as docs n blood cell responding * ' 
a heartbeat. Intrigued by thermions p d- 
sations, he hunted for their sotmv. and 
while admitting that he has >et i<> tsol.a 
any vegetable organ that Itimtimi- iv- 
elusivcly ns a heart, he does claim tnar t i 
pumping action originates in th. »n n- 
plicatcd area in which stalk m tnml. 
merges vvitli the roots. 

"The brain is there, too." .he i- 
bhuully, fits smile denyirg anv t<~ i<b <«i 
the crack j>nt in his unique ideas on v (••*< - 
table imelligcnec. *TTants tin Iww .« 
brain, you know. How else can v m ix 
plain why .some plants will turn w.il 
Mm. or store water against dmuy u> »v 
(bmh alb. or .utr.irt irx.fic 1 e scxn.d 
fulfilment, or ecu trap :nscri> for food; 
Norma) physical laws cim m c->\rr all 
•f the luuuirccb of aLtivitmv p!. oils en- 
vy." 

An assistant points out an inu reding 
clcligh.t on Coand^ A disco verv of plant 
ntdhgciKC. ".\ v soon as lie liegae to st:s- 
jvcct plants of being thinking creatures, 
dim-witted thong!' the v nugiu In. . he be- 
gan to worrv id tiieir welfare.’* savs 
the assistant. "Me puttered iron nil thriv 
pots, feuding witiv all the insect*- tin: t 
threatened th.cn: and getting indignant 
over lungi or blight. Thin he -tarted 
wondering about tiieir diets. M'e were 
feeding them the best of krtdi/ers. but 
t iiat vv..s not gouii en . 1 mg;: : • r bc’Vnivav 
He hid :o know m iiat i .ud: prefirred m r 
sonnifv. nnd s-»on he orr;cr--u 'hat m 
longer use iuurg one fe: :iii/er. Hv 
claimed tn.e Td.uv* iiar! :u n*st £ lo- it. 
and nte it one, n.Tu tlnp w.^ mu i. :og 
eise around." 





k\ <■ lirou" Ji t the Miljjm it|> duriii" :nt 
interview mid found him ;i s 
today as ever. "Out of life iome> life.” 
Jic listened. "Inorganic fertilizer. having 
n n life to begin with. h;is nothing to add 
to life. On!) mganie fertilizer can pass 
on the life lone, as I am sure an\ 
plant would tell )ou if it (ould only 
speak.” 

More to ionic of this odd sideline, 
hut in the meantime (loanda had picked 
up a major clue on how to apply the 
( !n;md. i filed to hoat propulsion. His 
tidies had taught him a ’m on water as 
mass, on Wale! as ;i moving lipm'd. ami 
water ns ;m individual droplet. Now 
these assorted studies and semes of oilier 
hidierto untr’.-ted l.u ts began (o fuse 
in one of those lots of in tel h e 1 u a 1 lissiou 
that is tailed a stroke ol genius. When 
the sparks cleaied. wliat he snv: first was 
a ship with a la ?gc unfa e below the water- 
line of its bow into which the water 
Unwed. The ocean repie-enti d water in 
the mass, or resistant e. and the water en- 
tering the orihcC represented a burnt! in 
motion. Anv application of power that 
would speed up the flow ol water through 
tiie orifice, and thus naturaiiv speed up 
its ejection from tin Mine would s< r\e to 
overcome the resistance of the static 
water mass ahead, liven a propeller pow- 
ered l>\ moving pails cmdd do that. 

Hut compared to air. water oflrrcd sue li 
enormous resistance that the production 
of an underwater vacuum seemed virtu- 
ally ini|V»ssi!>le. I hen (ioamhi. who knew 
next M nothin^ about ships to begin with, 
was informed of a unions behavior pat- 
tern common to all ships at sea. They 
pitched. 

Immediately his imagination projected 
a horrifying picture of a (daneb ship 
lifting its bow ov er a wave. I nio the orifu c 
would pour, not solid water hut thin air. 
The ic 'st that cm . rirnir thru would 
■ a burp in the war that mi” hi well 

pop some rivets in die hull. The worst 
would be n sidr-splin in” belt h that would 
sink t i 1 c ship. At once (loanda abandoned 
the orftrc-novrd snip, ‘‘hiMrnmg ’nv life 
jacket as J went.” 

r!j w.n thinking fast even as lie aban- 
don! ■' his projected ship \\ hv one on- 
er: ir. Me bow? Wh.\ not ni.nn little ones 
• die keel, or, in small !>oats. a 
g uudei lilt SlCTU? 

In ; is present stage. the result is the 
” ! h;i:g that makes a beat run better with- 
r ’ - it a propeller,” ah ady described. It 
u'es ihe (.oarnia diet:, but the marine 
version o: Iutw ise bears no resemblance to 
:ts aerial contemporary. nor does it op- 
erate in the .ante way. The vacuum that 
pi minc e s h over i lie remiruiar aero* 
civne. i c.-r h me, becomes linusl in the 
trumpet si i n d “thin”.” And" where the 
vise* rin nv die nutstrir of a saucer, tliev 
swirl duottg the munr ol the thine, the 
C-vtnria cfb;i taking place over ali 3b*l 
degwev of dr. utriousiv -shaped air chnm- 
i»e’.. *i lie v.uuum created in the chamber 
duis rwri' a four that is even mote con- 
'Cturat.-d bum that created in the free 
.or ;n) 0 \r an aciodv nc. and its eflect upon 


water is shattering. In tlie model powered 
by compressed air that we watched, the 
first tiling we noticed was the way the 
water was drawn through the front ori- 
fice as the* Coanda eficct began to form 
in the air chamber. It looked ns if the 
vacuum was drawing it into the chamber 
all right, but from that point on it looked 
as if the compressed air was blowing it 
out through the trumpet. 'I lie thrust ap- 
peared to hr no greater than one couhl 
get by submerging the compressed aiL 
hose ah me. 

Then the pressure was stepped up. 
Water was drawn into the orifice in a 
mighty, continuous inhalation. Vacuum 
seized it with explosive force. Shattered 
to molecular size, its volume cnoruioudv 
enlarged, ii was seized hv the compressed 
air and ej<i led through the trumpet. 
Swollen lo even gwater size hv the ait 
mixture, it blasted into die lank, a midge* 
of wale: pawn into a rampaging giant 
of thniM. 

"That is with the smalt air compter 
sor. of imhw," exolained the piofi-ssoi. 
"When we use a huge one, some thin” ebe 
happens.'' 

What ha ppens makes si ill another store 
of the amazing (Vi.mda efiect. One (lav. 
wishin;; to see what the thin” would do 
under really high pressure, (loanda 
hooked it up to a giant compressor and 
gave it the wotks. It bored a post-sized 
hole through the* water die full length of 
the tank, and then sent a tidal wave o\ : r 
the walls, f.urious about the hole, and 
wanting to examine it in more detail, he 
up-ended the tiling at an angle, with the 
bell of the tiumpet sticking slight!) above 
the surface of the water. Once more he 
turned it on. 

He goi a nice fog-horn bellow out of 
the trumpet, but of the hole there was 
no .sign, not even of its emptiness. Then, 
strangely enough, the hole slowly began 
to appear, looking, however, more like 
the ghost of a hole than the hole itself. 
So astounded was C'.oanda by this psychic 
phenomenon that .some moments passed 
before he was aware that the whole labo- 
ratory was densely packed with fog. and 
the tiling was merely blowing a hole 
through it. 

I he performance migh have been db* 
missed a s just another tri« k in the reper- 
toire of the thing had not » oanda been in 
die midst of his (cud vmh the insects 
attacking his p*g pi.miv AVhrn I saw 
uiuri ; i;i. Jug 'v.i' i. : ; : i o g bom. once 

1 sav io mvwll. 1 ; is dung hi!) snr.tv a 

• ( O j 
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I h( H' mav b v vome irons in the f.n i 
that the fust M\ mg siiiilli' io achieve a 
grat:b ing loimu-rd.il miuch i> to be 
found m the dealt o: ;i potato bng 

v l>i.iwr. but tli.it .o win* re ii is (luami.i 
was thinking m Te of plants than hi vs as 

oi i J ,i nf > ’Ail;;: ■ t!cu !na;ii Ills l i r s! 

Strom oob -mas*, i which tat: sold a log 
o-J i dm. ? n i < , ■■ I!-.; : a wide area or into 

tiie t o ] m ■ i ( is! or,; ■ ? < f ! : s oj ;.d! frees. 1 lie 
(boplels hung -- ■ i.ac as to hr ahnoM 
invisible, respond ;o loni/anon. and are 


drawn almost magnetic alb to all leaves, 
coating them ton c/;.*d l>oltom. As an 
added Irmin . the mie j os# opic drople ts 
settle thetiiseiv t‘s snugb into the minutest 
clacks and c i r\ it es of the leaves where 
tiles cling 1 1 1 1 a i i o : i n h eve n through a 
liras v ] am. 

As soon as won! ol 'a bat he had mat bed 
the fas inns and fiuit growers, a spon- 
taneous Jllsh began. I odas ojdeis Hood 
in h om all over die world, and with in- 
sect-plagued, impatient (Ustomets de- 
manding immediate deliverv from a 
prochu tion lint; ahradv montlis be hind, 
(loanda mails foundered in success. 
I'orumatelv his assistants were able to 
l es< ur I mu with a hit of si i a legs Re- 
minding bam oi liit go >d old d.-\\ wfti.n 
lit* had mid ;ng n< do but ii. scateh. and 
no n io n ev t o do i i. w . h : . i h e\ pi u i u l d out 
a con ulr ol pi < > i- it » tb.it 1 uid mi: a gi on u : 1 
on die slio. ih. of niM.I.i n c v , Now enough 
hangs wue llooilmg n; io set dum afloat 
om e moM . 

\ \ 1 1 b a sigh o! in !. (ioanda chopped 
his u u i . n m 1 1 . n n • 1 1 o i , i IniMiiesN t \ < < >o i * 
w l tl ) n i o 1 1 e ' and e i : e> . and i >■ gu n in 

phi S S\ 1 1 h 1 1 1 f : 1 o i ' < ) I . ( I , ; ]oi (. il - • . i S 

hi I afield u h o: i ; ) b leasing i m cur, 

1 iit‘ in ; ’ i < ,} n had ')■ < ■>.. r l of die ( ioa nd.i 
< fleet. \ el h, v\as in’s simlv of the (loanda 
eflect that bd him to the nmiois. Io Ijc 
speciiu and logical about it in a (loanda 
sort of was, u was the studs of the 
(loanda eflect under water that led to his 
mil :ors in du miii. ! hat and Ins e m iositv 
a I IMU 1 how ( !m U b V. - ; i • 1 )o| j 1 . 

Once iie had been coiuerned widi die 
willingni*s> 1 1 1 ]i\drogeu and oxsgc-n to 
go e v! p their fire si iu as gases and wed 
tluiiisi'lws poh. g m'onsls . two hsehogens 
an nwgrn, as water, (liven a lew 
changes ol temperaunw and thev would 
separate just tis willing!). Other chemical 
compounds, tin iic'il into gases hv high 
tempi railin', alwa's seemed averse to 
minion when the temperature was 
reduced, hut hvdiog'u and oxvgen 
could Usual b be conn led upon to n- 
appeai as \\atej. What was this strange 
.dim it v } 

Now he thought h; knew, hut it didn’t 
nuke sense. Me began with tin piembe 
that warm an can hold more moisture 
than cold air, though in either case the 
i noisi me is not t here at all, having turned 
into mow air or less air. Reiuvug to be 
confused b\ airv oi airier air, he esi.ib- 
iished as Ins next pwmise that waim air 
seeks mnisime. and the waimir it gets, 
the mow desperated it seeks it, 

'resting out this premise, he found that 
iT one just took a lew twine bet ol nr- 
dinars bwathmg-l\pe air, super hrat a? I it, 
mid then tlnwst a wet blotter into iis 
’ ' ■ I < ! S ; , « 1 n IIKIMII'I '..unshed as though 
in I i.i bd b\ a N.iumi i < Sea ncr. ’] hi e ! 1 fotn l r 
i ould then be withdrawn without being 
vs .dim d up enough io raise a sweat M - 
had o"W est.ibl isiiee i the long-e v dd> • *s!iec ! 
fait dm evaporation produces a t hiding 
ellie l ali of uhiei: is whv h,iuur:is ]javc 
jueitnl on hoi d.n ior mans tanaeaaii 
M.io Hut now ( a mu da. went .. (hiring 
^ t o hold' i . lie asked, whs r 



Out e iumm; we will omit scores of pages 
o I t • »:n*jir\ mathematical formed. n, and 
iiniu- up with an enormous, silo-duped 
aflair. the u;ills of which arc made up of 
mirrm > m relict t die sun’s rays. When the 
silo N miimi! just tight on its iim's, the 
miii is bounced from mirror to mirror 
mi olicn that it becomes hundreds of sun'*, 
and what one hot sun can evaporate: fmm 
a give n bods of water, die silo can do a 
t in *! t>.i nd tiums over. When appropriately 
mounted iiwt a tidal pool, the Iniltom 
clcaiing the water by sc \ er;t 1 inches. the 
silo lu-ats die air within itself to blast 
furnace intensity. The hot air, behaving 
noi mails, rises, and because it is super- 
healed hot air, ii rises with a volcanic 
rush. The rest of the performance does 
mu In have in m> norma! a fashion. To 
r< plat e the hot air rushing out of the top, 
< old air is diawn in at the bottom. That 
is the point to remember. The nir that is 
drawn over die sui face of the water and 
up into the silo is plain, ordinary told 
an, jun like all die rest of the nir outside 
die m 1«». Not until it gets well along on 
its upward journey does it become heated 
enough m Mippoi t abnormal amounts of 

m. mime. Yei by this time it is loaded, 
ami becomes more so the higher and hot- 
ter i t n gets. It is super-saturated by the 
time it readies tin* top where it is drawn 
oil In ! .ms to the condenser. The amount 
«■; n.iir that then Hows Jrom the con 
d'-MM-i i> a somce ol astofiisinnem to all 
wh.i have seen it. including (annul a. The 
tidal wain, in the meantime, docs not 
even change temperature, and were it 
uni lor the accumulation of salt beneath 
dm m I n. line could not believe a concern 

n. iiid evaporation was taking place at 
all. 

t he salt deposits have put the solar 
water pump on the .shelf temporarily. 
Coanda thought he was perfecting a way 
of d i awing fresh water from the ocean 
am! leaving the sab behind: the French 
government thought he was perfecting a 
wav of drawing nut the salt and thrnw:ng 
a way the: water. Tim 1'Hjhcd like a sen** • 
tin eat to the government salt monopolv 
so until some legal decision is hand., 
down on just which end of the jum p 
is in operation. Coamia has n:i i* d 
less harassing but more scientih; pi-* * 
Irms. 


As of the moment he is worl ng »>i 
Mime *10 m *41 projects. y>mc n! v hi. I 
ate bi/arre enough to show ])ro:u v b u 
in the m.t in be is occupied in <h \ t I p n . 
a svstem of controls for his m ti »4 n 
aerodvnc. He wants to do awav v oh . * 

um* ol conventional steering vaiu v \ J>m1 

might vield under the pre^sun *4 h.gk 
speed maneuvers, and live the h.i.in, ■ 
c (it a t itself in place of ailerons ..no » • 
Mir!. arcs. Through a series of pm ts a i m. »•*' 
the flying s.mcei. he hopes to give I 
pilot perled control of Ins am ..!• m 
all direc tions, not only tin com iiinu. 
up-and-down and left-anci-i ight. mr f- * 
braking and reverse as well. *A . i.<> 

Miria*cs exposed outside die aim I:, : 

onJv moving parts needed won a i - ■ *‘ *m 
rccpiired to open or close the d ra 
pmis. and as be sees things i >>\. T- 
could operate from n siugh , . i n; 
column no more contpliratcd I'm- .r> ,u. 
plane stick. 

Oddlv enough, in imitras to d-? p*;i>i, 
c mm< eption u[ the flving valuer > - - . . . 

io: tlie nin'in traveler. Pmle^-a , .*.»*rd.. 
(i'u s iimi see Iks neroih ne as _ m h 
" l hat is nonsense.” he snv^ wiiimi,* I - 
iiMul twiulie m his eye. "I n m b< 
*r Tjinspbeic von need nP *'»rts ol u.i*-m 
Ii it table pressme and owgen ii n •* :• 
pioiect vonr passengers. ! »av i!» i n: » 
altitudes where vour p.tsyngci* a e *• »• 
Tor table, vvheic theJC )s ^ih-ilv »4 i\- < a 
h>r \onr combustion uurr'iu , k.Lm 
ail si»n> of whirling sup'-rc ha : g< - 
win re the atmosphere is thick em u m <i 
gi\r the Caiamln effect a firm huh! ’’ 

Hut what happens when v<>u s ' u lie * 
speeds through rough weather* V. n.i i ■ * 
shake’ sou apart* 

The twinkle comes back. "V»n m 
thinking of kites. Conventional an<;.dt 
aic all subject to turbulence. 1' it v*-u 
must remember that in the rente ul..r 
aei*tdviie we create our own varemm. .m.i 
in a vacuum there can b^ no wr.iimr. 
Just Mnooih sailing all the wav ’’ 

One I.ist cpicstimi. When will t h-T \ . ng 
saucer age nirive? 

Professor Coanda looks asto-iid-*;!. 
“Arrive*' Why it is hcie now.** 

We left with the deep cmivitthm m, t 
ii Professor Cinandn sav - it is Sen. us 
he re, l ie’s the man who made 4, 

— (hem ge Nuillia 



nA 


Hack in the dim days zcdien 
airplanes u vere crude aeronautical 
experiments, he invented 
a jet plane, then 
a flying saucer, then. . . 


FUt INC — March 1967 


by G. Harry Stine 


the 

prowling mind o( 



■ N 1910, the first jet airplane was flown 
n-_-sr Paris. In 1915, the first strategic 
'.mmoer with a range of 1,000 miles was 
flcwn n France. 

In ISIS, a rocket cannon similar to 
the present “bazooka” antitank rocket 
was tested near Le Havre, France, several 
months before Dr. Robert H. Goddard 
built a similar device in America. 

‘o 1921, prefabricated houses of stee! 
and concrete were being erected in 
France and Belgium. 

In 1935. the first flying saucer was de- 
signed. 

The man responsible for all of these 


sweeping and advanced inventions is Dr. 
Henri Coanda, a Rumanian scientist and 
engineer who lives in Paris. With over 
33 basic United States patents in his 
name covering a range of subjects from 
the first jet engine (1914) to soil re- 
generation and sea-water desalinization, 
Dr. Coanda certainly ranks as the most 
inventive man alive. 

He has been inventing for over 50 
years and is still at it. Unlike many 
other inventors, Dr. Coanda turns out 
new devices that are not merely im- 
provements on established ways of doing 
things, but advanced new approaches to 


the problems of the modern w. : 

Take his jet airpumm, for e> m;e. in 
1906, while visiting the aeron. :ai pio- 
neer Captain Ferdinand Ferb< : Coanda 

saw Ferber's box-Kite airplane powered 
by a propeller. He tcid Ferber, “It is the 
string pulling your kite th :t bothers me," 
and proceeded to reve., to Fer'ber the 
concept of jet prcpuisic :f aircraft that 
had flashed into his mm-:- at that instant. 
It took him four yea r s and S20C.CC0 to 
turn his concept into a reality. 

No single man today could easily af- 
ford this sort o ! expenditure, out Gen- 
eral Constantine Coanda of Rumania, his 



provided most of the funds. To 
e necessary knowledge to build 
Henri Ccanda attended the Um- 
of Liege. Belgium, and graduated 
first class of the Ecole Supeneur 
mjijppue, the world's first aero- 
i engineering scnoof. 
da had to invent nearly every- 


neeGed. He boat a wind tunnel in 190 
that permitted hi:;' to photograph a 
flow around vane - shapes. To lear 
about supersonic aim yw for the desig 
of ins jet engine, he level oped the r : r s 
method of photo gr 30 rung bu.iets .n r':grr 
To gather > e rod vn an ug data on 41 , 
foils, he got oer mission :mm the u. 




ir England m 1939 generated just 600 

cd IfULJSt.) 

1 ■ f- airplant in which Coanda mount- 
-c this engine was as unusual as the 

• ngine itself. It was constructed com- 
mutely c 4 molded mahogany plywood, 
hs two thick wings were cantilevered 
from simple struts at tneir midsections 
with none of the wires and braces com- 
mo r to airplanes at the time. The iand- 
tng gear retracted into the lower wing. 
The gasoline tank w'as buried in the 
thick upper wing. The aircraft was aero- 
c.ram icailv clean, fast and far ahead of 

: '"e m 1910. 

-v" -r. Coanda tested his jet airplane 
issy-les-f/ouhneau outside Pans on 
L>r- , "ber 10. 1910. Hem is how he 
res pt;;c too test of the first jet air 

“■acf net intended to fly the plane 
*--at car. out merely to determine how to 
■mm it or the ground with its jet run- 
The engine worked well m the 
■.-::: But when I mounted it in the air 

am. tm.tr heat from the two jet exhausts 
,•" m Lock alongside the cockpit was 
' ••:■ - jch for me. Therefore, i added 
m-.c vmpie flat plates on the top and 
a at* O'" of each jet exhaust to keep the 
"eat away from me. The exhausts were, 
a* ccu r se. angled away from the wooden 
mse am- so that they would not set the 
o are afire. When 1 got into the open 
cock pit and started moving the airplane 
a ong the ground, I saw at once that 
something was wrong. The jet flames 
would not stay in their asbestos exhaust 
: oes. They came out of the pipes and 
"uggec the fuselage sides. Being afraid 
mat the plane would catch fire.. I gave 
'u ! i attention to adjusting the jet en- 
g ne a-d did nc: notice that the craft 
.■ms c mng speed. Then I looked., up. 

* m v.c s of Paris were right in front of 

I had nc room to stop or turn 
~ : m c . so I tried to fly over them. But 
*•■-•-; nad been no one to teach me how 
m * r. and my machine was new and 
: m I made the machine climb too 

mam: and it stalled. The left wing 

and my plane crashed to the 
emu m. 1 was not wearing a seat belt in 
*”e men cockpit, so I was thrown dear 
m crash. I came to, feeling as 

me . ■•* ••very tooth in my head had been 
.-.me. My jet airplane was burning 
a *rw ards away.” 

m suite of the crash, it was the first 
-m auolane. Major Victor Houart. an 
m e .vitness. has stated that the craft did 
and described how cavalr. officers 
■cismg their mounts on the field at 
*ime had to gallop out of the way of 
:. one as it flew at low altitude across 
V- hei a before it climbed arm stalled. 

-• -ri Coanda was granted his first 
patent (No. 1,104.963) in 1914. It 
r ~ not only the jet engines, but also 
m hind transmission for automobiles. 


The Coanda Effect 
voHvcvns the lendeuetf 
of <i tnocinf/ jet uf 
a re or tea ter to adh ere 
to an ad jaee at surface. 
It ha .S' tend a /.»/>/ leaf am 
in the nmu'iu<l uc*r 
<i < It! o ! r : a id eai ct s 
a nd a m j)l i tit i s. 
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A/Pilot’s cabin 
B/Moving platform 
C/Fixed platform 
D/Universal joint (entire 
cabin rotates to face 
direction of flight) 
E/Gyroscopes 
F/Coanda nozzles 
G/Steam collector 
H/Steam feed pipe 
1/Horizontal blowing nozzle 
J/Collector 

K/Steam cooler & heat exchange’ 

L/Boiler 

M/Burners 

N/Collector 

0/Universal joint 

P/Lifting devices 

(these tilt for control) 
Q/Perforated top surface of wing 
R/Lower surface of machine 
S/Water tank 
T/Fuei tank 


Right: This VTOL machine has no mov- 
ing parts, derives lift and forwarc 
thrust from Coanda Effect, and is 
steam-powered. The operating prin 
ciple is similar to boundary layer con 
trol, and the jet flap. 


A year later, Coanda designed and 
built the world’s first twin-engined air- 
plane, which he flew at the military com- 
petition at Reims, France. Again, his in- 
ventive genius created the new and 
unusual. The early rotary airplane engines 
were plagued with a great deal of torque 
because of the fact that the crankshaft 
was bolted to the plane and was there- 
fore stationary while the cylinders and 
crankcase, attached directly to the pro- 
peller, spun around. The large mass of 
the rotating engine created not only a 
gyroscopic effect but also a torque that 
tended to cause an airplane to roll. To 
eliminate this problem, Coanda mounted 
two engines on opposite sides of the 
fuselage so that their torque cancelled 
out. Their power was transmitted through 
a differential gear box similar to that in 
the rear end of an automobile, and this 
in turn spun a single shaft that drove a 
four-bladed propeller. The machine flew 
well, but more conventional wire-braced 
box-kite types dominated the competi- 
tion. 

However, Coanda’s activities came to 
the attention of Sir George White, who 
brought him to England to become chief 
engineer of the Bristol Aeroplane Com- 


pany, Ltd. While at Bristol from 1912 
to 1914, Coanda exerted a profound in- 
fluence on the British aircraft industry 
with his Bristol-Coanda Military Mono- 
plane, the most advanced aircraft in the 
world at the time. 

One of Coanda’s most active periods 
was during World War I when he served 
the French government as an airplane- 
builder. In 1916, his tw'o-piace strategic 
bomber covered a distance o f LOCO 
miles nonstop during tests. The war 
ended, however', before he got it mto 
production. 

In another military-inspired move. 
Captain Charles Nungesser, the famous 
French aviator, asked Coanda to develop 
a potent airborne attack weapon, The 
result was a 5.5 -men rocket-powered 
shell. Coanda developed the entire sys- 
tem-launching tube, rocket engine and 
shell. It was tested at Le Havre in Au- 
gust, 1918, and had a range of over a 
mile. Nungesser intended to mount this 
on fighter aircraft because it had no re 
coil. This pioneer work by Coanda was 
several months ahead of similar worn in 
America by Dr. Robert H. Goddard. 

In 1932. Cr-anda turned to research 
and invention as a full-time occupation. 


un months, he had discovered the 
:l. .. Coanda Effect, the tendency of 
;v. % et of air or water to adhere 
Md he deflected by a surface .adja- 

- jf 

canda Effect, so named by Professor 
» r : Vetral, who performed the mathe- 
■ :v. analysis of it in 1939, is the key 
me new field of ‘'fluid amplifiers.” 
'-me devices, now emerging from the 
eateries of several large companies, 
ecmes of gas or liquid are used in 
s analogous to the way electrons are 
3 n high-fidelity amplifiers or radios, 
jiectronics, the concept of electrical 
on t is often described as similar to a 
or water, while electrical voltage is 
wn >o be similar to water pressure, 
d amplifiers have made this analogy 
laiity. In electronic amplifiers, elec- 
s ere used to control the flow of 
;r electrons; in fluid amplifiers, 
iks to Coanda Effect, air is used to 
;roi the flow of air. Fluid amplifiers 
oe designed to use any kind of 
I. including gases, water, oil or al- 
31 . 

h:nk of any device that uses air or 
?r, and the chances are that fluid 
ilifiers will soon replace electrical de- 


vices in them. The reasons for this are 
many. The fluid amplifier can be made 
smaller. It can operate over wide tem- 
perature ranges. It can operate for a 
long time because f he only moving parts 
are molecules of liquid or gas. and it 
can operate at lower cost. 

Henri Coanda has spent nearly 35 
years applying his Effect to such devices 
as agricultural sprayers, fog generators, 
pumps, blowers, engine silencers, sepa- 
rators, marine propulsion systems, atom- 
izers, carburetors, jet thrust reversers, 
high-lift devices for aircraft, jet engines 
and vertical takeoff and landing (VTOL) 
aircraft. He colds U.S. anci foreign pa- 
tents on ail of these applications. 

in 1935, he designed the first flying 
saucer. Coanda Effect can be used to 
create vertical aft without forward mo- 
tion. He not only used Coanda Effect 
to provide lift, but a iso to control the 
craft. The Coanda Lenticular Aerodyne 
nas never been built because Coanda has 
never hac! the money ho io i. However, 
it is a feasible device. Actual tests on 
the critical portions of it have been made 
in France, and trie "esuits nave m die a ted 
that it is p racoon!. 

However. H e n r ■ go and a nas not re- 


stricted h is inventive abilities to mec 
ical gadgets alone. Back in 1914. m 
came interested n b ology. and his 
inquiring mine :ed him to conduct 5 
of the first experiments in bioio 
engineering. While measuring the t 
up of static electrical charges on 
craft in flight (the static d sm 
■'tails'' on the wings of jet aircrv* 
there because of Henr: Coanda ■. m 
discovered that plants nave m e 
charge opposite to the ground or 
they are growing. Lame re "-ms 
the ’ heartbeat” or plants, me 
pressure that sends sao upward. 
stems and trunks of grow rig thm ;s 
improve the yield of h.s rod ear: gar 
near Auxance, he ou t an KT.hcio; , 
that produced fertilizer free of t. 
and ready for immediate use. me 
developed a truly organic fertilizer. 
Edophos. 

Coanda has grown tobacco m a 
trict of France where t nas -never g 
before. He has produced /maws 
gigantic flowers and *mits, ail wt 
hybridization . He ?s me of toe vc 
iogicai engineers. 

1 n 1 9 4 5 C o and a c e g a n : o s t u c: > 
ter problems as mm-zacon' s most ' 







tf the troy id s first , hod N'w riiffinry dyn'top a f on r-bludcd propeller. Reims. Fenner, 1 l '. . 


‘■-•esv He soon discovered crystal is tie 
• .v;'v ceils that was ice at 98 

'•ms and wfven melted at about 
'.‘.6 decrees f He studied snowflakes 
:m c identified 10 different types or 
-‘decular isotopes" of water in snow 
smstals aione. Soon, he was building 
ce.ices for desalting sea water. 

"he prowling mind of Henri Coanda 
'as recently become interested in the 
C'CO’errs of handicapped people. He 
*ee s it may be possible to restore sight 
:: the blind or hearing to the deaf by 
-t zmg other nerve pathways to the 

-t the age of SO. Dr. Henri Coanda is 


stiil inventing anc is a healthy and ac- 
tive man. His trained and experienced 
mind grasps problems in a unique way. 
He anticipates the needs of society. He 
comes up with unexpected answers be- 
cause he tackles a problem with no pre- 
conceived notions of how to solve it. The 
inevitable question arises: why have we 
not heard of him 7 In this age of rapid 
progress in technology, why hasn't his 
work been snapped up at once? The an- 
swer is simple: Henri Coanda prefers to 
work alone. 

In today's world of research and de 
velopment teams, who will listen to a 
lone inventor 7 


People are listening to him new 
■'It is the means which create the 
need," tie states '’Before the tim-ohcm 
was invented, nobody needed it. Now, 
nobody can do without it. Before the 
automobile was invented, nobody wanted 
it; now, nobody can do without it." 

We’ll be hearing more in the future 
from the most inventive man alive. 

The author has an extensive background >n 
science and aerospace technology As an 
assistant director of research for a U S 
firm, he worked as a colleague with Dr 
Coanda for several years m the 1960s 
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He nri Goanda — U.S. Patents 
"["^complete patent included 
in this volume. ) 
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UNITED STATES PATENT OFFICE 

2,191,652 

PROPELLING DEVICE 

Henri Co*nda, Clichy, France, assignor to So- 
clete Anonyme dTtudet des Bftieti et Pre- 
cedes CofcJuU-Societe Coands, a corporation of 
France 

Application January 10, 1936, Serial No. 51.471 
In France January 15, 1935 

19 CUlms. (Cl 244 — 73) 


The present invention relates to propelling de- 
vices In which there Is produced & auction tone 
in front of the body in motion on which the pro- 
peller is mounted, this suction being such that 
§ the body in motion is propelled under the in- 
fluence of the atmospheric pressure existing at 
the rear of the propeller. 

The object of the present invention is to pro- 
vide a propelling device of this kind which is 
10 better adapted to meet the requirements of prac- 
tice than those made up to the present time. Ac- 
cording to the invention the propeller is com- 
posed of an annular structure of suitable axial 
section, on which a ring fits in an adjustable 
U manner, said ring being concentric and con- 
structed in such a manner that a very* narrow 
gap Is formed between it and said annular struc- 
ture. through which gap compressed gas escapes 
uutwardly along a frontwardly directed line, the 
w axial section of said annular structure consisting 
of a curve tangent to this line and having its 
convexity toward the front, while the axiaJ sec- 
tion of said ring is a line making a substantial 
angle with said first mentioned line. 
u Furthermore the ring and annular structure 
are hollow, at least to a certan depth so as to al- 
low air from the space ahead of the propeller to 
flow through their central portion and out behind 
the annular structure. This prevents any suc- 
jO tion at the rear of the annular structure so that 
the whole of the suction is in front thereof, and 
the motion of the body is ensured by the difference 
between the pressure at the front and that at the 
rear 

35 Preferred embodiments of the present Inven- 
tion will be hereinafter described with reference 
to the accompanying drawings, given merely by 
way of example and In which 
Figs. 1 and 2, show in perspective and sectional 
40 views respectively a first embodiment of the in- 
vention 

Fig 3 Is a sectional view of a modification, 

In the embodiment of Figs. 1 and 2, the body 
of the propelling device according to the inven- 
45 tion includes an inner element I and a tubular 
part 2 fitted tnereon and provided at i with 
screw threads for fixation of a tube 4. This 
structure carries a series of tubes I opening Into 
an annular member 6. Another annular mem- 
50 ber I is screwed at 7 on member 6 so that the 
narrow annular interval I between members I 
and I can be adjusted at will. 

Member 6 may be made of a single piece or 
consist of two rings • •" screwed to each other 

55 at II’. ir\ 


In the embodiment of Fig. 3, the streamline 
body II contains a part screwed to the member 
II. Tubes 14 are provided in member II and 
secured by the screw thread II in a ring II of 
suitable profile upon which a ring II is fixed by 5 
screw threads 17. so that this ring II can be 
adjusted in position with respect to ring IS. 

Between ring II and ring II there is left an 
adjustable narrow annular interval It, ring II 
being however constructed so as to form a clr- 10 
cular chamber 21 between said ring and ring II 
The propeller works in the following manner: 

The compressed gas, which may consist of 
superheated steam or a combustible mixture or 
some explosive mixture or even compressed air, is 15 
supplied through tube 4 , flows through the annu- 
lar space formed between elements I and 2, passes 
through tubes I into the narrow annular interval 
I between the element I and ring 8 and escapes 
Into the atmosphere. 20 

The fluid film expands and exceeds its initial 
volume, and, owing to the fact that on one side of 
the outlet of passage I, annular member I is 
substantially tangent to the fluid sheet escaping 
from I, whereas, on the other side, the edge of 25 
member I makes a substantial angle to the direc- 
tion of said sheet, the latter flows along the front 
face of member I. following the path indicated 
by arrow’s /. Thus in the space marked in dotted 
lines a rush of fluid is created toward which 80 
the surrounding air is drawn In the direction 
of the arrows / provided the pressure of the 
motive fluid is sufficient. 

Therefore the propeller, owing to the suction 
created at Its front part, has a tendency to rush 55 
frontwaid under the action of the pressure exist- 
ing behind it, drawing alone: the structure on 
which it is mounted provided the outflow’ is 
sufficient to create a momentum at low speed and 
in great masses of the surrounding air. equivalent 40 
to the drag of the body in which the propeller 
is mounted. 

Moreover the surrounding air circulates 
through the central free portion in the direction 
of the arrows F, at same pressure, so that be- 45 
low’ the part 8 a counterpressure is created rela- 
tive to the suction in front of the same, which 
counter pressure consequently adds to the action 
of the suction created in front of pan a. 

The same applies in the case of Fig. 3 The 50 
gaseous mixture under high pressure which is to 
expand after entering the chamber formed by 
part 12 , passes through tube 14 . starts expanding 
in chamber 20 and escapes through annular inter- 
val 18 following the front face of element II, 55 



creating in front of it a zone of very strong auc- 
tion represented by dotted lines. 

It is evident that the shape of elements such 
as S' and 16 and the thickness of annular lnter- 
5 vals • or if are calculated in such a manner that 
a certain expansion of the compressed motive 
fluid permits of obtaining a momentum which 
ensures the displacement of the body 

In a general manner, while I have, in the above 
10 description, dsclosed what I deem to be practi- 
cal and efficient embodiments of the present in- 
vention. it should be well understood that 1 do 
not wish to be limited thereto as there might be 
changes made in the arrangement, disposition 
15 and form of the parts without departing from 
the principle of the present invention as compre- 
hended within the scope of the appended claims. 

It may be noted that in Pig. 1 the member 
I and in Fig. 3 the part 16 extend at least with 
20 the edge into a recess at the front of the mov- 
ing body, with the result that the air or fluid 
issuing from the narrow slot first strikes the 
curved portion of the airfoil or wing shaped 
member so as to follow its curvature forwardly 
23 and then outward radially and subsequently rear- 
wardly. 

Having now fully described my invention, I 
claim : 

1 A propelling device of the type described, 
30 which comprises, In combination, a body’, an an- 
nular member rigid with said body at the front 
part thereof, another annular member rigid with 
said body, coaxial with the first annular mem- 
ber and located ahead thereof, so as to leave 
35 between said members a narrow' annular inter- 
val with a flaring outlet opening to the atmos- 
phere in a frontward direction, the rear edge or 
lip of said outlet, formed by the front surface 
of the first mentioned annular member, being 
40 of rounded shape starting tangentially to said 
frontward direction on the outer side thereof, 
with its convexity toward the front, whereas the 
front edge or lip of said outlet, formed by the 
front surface of the second mentioned annular 
45 member, starts at an angle to said direction on 
the inner side thereof, and means for driving 
out a fluid under high pressure through said an- 
nular outlet. 

2. A propelling device of the type described, 
wrhich comprises, in combination, a body, an an- 
u nular member rigidly fixed to said booy at the 
front part thereof, another annular member rig- 
idly fixed to said body in coaxial relation with 
the first annular member and ahead thereof, said 
members being so positioned and shaped as to 
form between them a narrow annular interval 
w r ith a flaring outlet opening to the atmosphere 
in a frontward direction, the rear edge or lip 
of said outlet, formed by the front surface of 
w the first mentioned annular member, being of 
rounded shape starting tangentially to said front- 
ward direction on the outer side thereof, with 
its convexity toward the front, whereas the front 
edge O; lip of said outlet, formed by the front 
surface of the second mentioned annular mem- 
ber, starts at an angle to said direction on the 
inner side thereof, and means for driving out 
a fluid under high pressure through said annu- 
lar outlet. 

70 3. A propelling device of the type described, 

which comprises, in combination, a body, an an- 
nular member rigidly fixed to said body at the 
front part thereof, with a space between the 
rear face of said member and said body, whereby 
75 air from the front of said member can flow 


through the inner aperture thereof and through 
said space to the lateral sides of said body, an- 
other annular member rigidly fixed to said body 
in coaxial relation with the first mentioned an- 
nular member and ahead thereof, said members 5 
being so positioned and shaped as to foim be- 
tween them an annular interval with a flaring 
outlet opening to the atmosphere in a frontward 
direction, the rear edge or lip of said outlet, 
formed by the front surface of the first men- 10 
tioned annular member, being cf rounded shape 
starting tangentially to said frontward dncclicn 
on the outer side thereof, with its convexity to- 
ward the front, whereas the front edge or lip of / 
said outlet, formed by the front surface of the 
second mentioned annular member, starts at an 
angle to said direction on the i.mer side thereof, 
and means for driving out a fluid under high 
pressure through said annular outlet. 

4. A propelling device of the type described, 20 
which comprises, in combination, a body, an an- 
nular member rigidly fixed to said boay at tne 
front part thereof, with a space between the 
rear face of said member and said body, where- 
by air from the front of said member can flow 25 
through the inner aperture thereof and through 
said space to the lateral sides of said body, an- 
other annular member rigidly fixed to said body, 

in coaxial relation with the first mentioned an- 
nular member, and ahe/*d thereof, said members 
being to positioned and shaped to form Le- 
tween them an annular chamber having an an- 
nular flaring outlet opening to the atmosphere 
in a frontward direction, the rear edge or lip 
of said outlet, formed by the front surface cf St 
the first mentioned annular member, being of 
rounded shape starting tangentially to said front- 
ward direction on the outer side thereof, with its 
convexity toward the front, whereas the front 
edge or lip of said outlet, formed by the front 
surface of the second mentioned annular mem- 
ber, starts at an angle to said direction on thj 
Inner side thereof, and means for feeding a 
fluid under high pressure to said annular cham- 
ber between said members, the last ment.oncd 45 
means including a plurality of tubes extending 
from said body and opening into sa.ri chamber. 

5. A propelling device o* the type described 
which comprises, In combination, a body of hol- 
low shape forming a container for a fluid un- §0 
der high pressure, an annular member ligidly 
fixed to said body at the from pan thereof, with 

a space between said body and the rear ia:c c; 
said member, whereby air can flew from the front 
of said annular member, through the ctiUrai 55 
aperture thereof and through sa d space, to the 
lateral sides of said body, anoth- annular mtm- 
ber rigidly fixed to said first mentioned unnulm 
member coaxially therewith and ahead thereof, 
said members being so positioned and shai>ed as 60 
to form between them an annuls; chnn.bc: hav- 
ing an annular flaring outlet opening to the a' - 
mosphere in a frontward direction, the rear edge* 
or lip of said outlet, formed by the* front surface 
of the first mentioned annular member, being of 55 
rounded shape starting tangentially if said front- 
ward direction on th outev side < y.^ieof. with 
its convexity toward t:^ front, wher* . ihe front 
edge or lip of said re,, let, formed b; the front 
surface of the second mentioned annular mem- 70 
ber. starts at an ang. - to said di^ct on on the 
inner side thereof, ana a plurality of pipes con- 
necting the inside of said oody with said an- 
nular chamber f^ r feeding fluid under high pres- 
sure to said chan er. 
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6 A propelling device of the type described, 
which comprises, in combination, an elongated 
body having one end serving as & forward por- 
tion or nose, a fixed surface member of wing- 
?> shaped section rigidly carried exteriorly upon the 
forward portion of said body in spaced relation 
to the latter and with the chord of said section 
practically transversely disposed with respect to 
the forward direction upon the body, the front 
10 surface of said member being convex in said 
forward direction and arching rearwardly away 
from said body from a recess or depressed portion 
in the foremost part of said forward portion, 
rigid spaced means upon said fixed member 
spaced a small distance from the latter member 
in said recess or depressed portion so as to de- 
termine at least one narrow slot communicating 
wuh the interior of said body and allowing & 
sheet of fluid to be projected at high pressure 
20 from within the body out through said slot and 
against the convex front surface of said fixed 
member in said recess and caused to follow said 
curved surface first forwardly out of the recess 
and then outwardly and rearwardly along the 
25 arching portion of said curved surface upon said 
fixed member, and open means upon the for- 
ward portion of said propelling device allowing 
free access of air to the rear surface of said fixed 
surface member between the same and the body 
30 independently of the fluid supply escaping from 
the Interior of said body through said narrow 
slot. 

7. A propelling device according to claim 6, 
wherein the fixed surface member is annular so 

35 as to surround the nose of the device, and the 
slot means extends around said nose in the recess 
which is also extended about the device to be an- 
nular in form. 

8. A propelling device of the type described, 
40 which comprises, in combination, an annular 

elongated body having one end serving as a for- 
ward portion or nose, a fixed annular surface 
member of wing-shaped section rigidly carried 
exteriorly upon the forward portion of said body 
45 in spaced relation to the latter and surrounding 
'he same with the chord of said section practically 
transversely disposed with respect to the forward 
direction upon the body, the front surface of said 
annular member being convex in said forward 
"0 direction and arching rearwardly away from said 
body, rigid spaced means upon said fixed member 
spaced a small distance from the latter member 
so as to determine at least one narrow slot com- 
municating with the interior of said body and 
v> showing a sheet of fluid to be projected at high 
Dressore from within the body out through said 
slot and caused to follow said curved surface 
outwardly and rearwardly along the arching por- 
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tion of said curved surface upon said flxed and 
annular member, there being a free and open 
passage extending rearwardly from the forward 
portion of the device and communicating in un- 
broken manner with the space between said fixed 
annular member and said body allowing atmos- 
pheric air to enter freely and relieve any tendency 
to form a vacuum upon the rear surface of said 
annular member, and a plurality of fluid supply 
tubes connecting the interior of said body with in 
said narrow slot through said space between the 
annular fixed member and said body and in- 
dependently thereof. 

6. A propelling device according to claim 8, 
wherein the fluid supply tubes serve as the ex- r. 
elusive mechanical means for supporting the flxed 
annular member upon and spacing the same a 
from the main body of the device. 

10. A propelling device of the type described, 
which comprises, in combination, an elongated 
body having one end serving as a forward por- 
tion or nose, a fixed annular surface member of 
wing-shaped section rigidly carried exteriorly 
upon the forward portion of said body in spaced 
relation to the latter and surrounding the same v* 
with the chord of said section practically trans- 
versely disposed with respect to the forward di- 
rection upon the body, the front surface of said 
annular fixed member being convex in said for- 
ward direction and arching rearwardly away from ^ 
said body from an annular recess or depressed 
portion in the foremost part of said forward por- 
tion. rigid spaced means upon said fixed member 
spaced a small distance from the latter member 
In said recess or depressed portion so as to de- *'*» 
termine at least one narrow* slot communicating 
with the interior of said body and allowing a 
sheet of fluid to be projected at high pressure 
from within the body out through sail slot and 
against the convex front surface of said fixed 40 
member in said annular recess and caused to 
follow said curved surface first forwardly out of 
the recess and then outwardly and rearwardly 
along the arching portion of said curved surface 
upon said fixed annular member, there being a 45 
free and open passage extending rearwardly from 
the forward portion of the device and communi- 
cating in unbroken manner with the space be- 
tw*een said flxed annular member and said body 
allowing atmospheric air to enter freely and re- so 
lieve any tendency to form a vacuum upon the 
rear surface of said annular member, and a plu- 
rality of fluid supply tubes connecting the inte- 
rior of said body with said narrow slo* through 
said space between the annular fixed member and 65 
said body and independently thereof. 

HENRI COANDA. 
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This application is a division of my U. 8 . patent 
application 6 er No. 58.471, filed January 10, 1936, 
now Patent Number 2,108.652 Issued Feb. 15, 1838. 

The invention relates to the propulsion of ve- 
5 hides by the direct action of a fluid under pres- 
sure escaping into the atmosphere. 

The object of the invention is to provide a pro- 
pelling system which is better adapted to meet 
the requirements of practice than those applied 
j 0 up to the present time. 

The essential feature of the present invention 
consists in the provision of a cylinder adapted 
to be fitted along a surface of the vehicle, pref- 
erably at the front part thereof, said cylinder be- 
25 ing hollow and fed with a fluid under pressure, 
and communicating with the atmosphere through 
an outlet narrow slot extending longitudinally, 
the rear edge or lip of said slot being prolonged by 
a convex rounded part tangent to the outlet di- 
to rection of said slot, whereas the front lip makes 
directly a substantial angle with said direction. 

Other features of the present invention will 
result from the following detailed description of 
some specific embodiments thereof. 

15 Preferred embodiments of the present inven- 
tion will be hereinafter described with reference 
to the accompanying drawings, given merely by 
way of example, and in which: 

Fig, 1 shows the propelling system according to 
30 the present invention in transverse section as ap- 
plied to the wing of an airplane; 

Fig 2 is a similar sectional view of a modifica- 
tion; 

Figs 3 and 4 show airplanes in front and top 
35 plan views, respectively, as fitted with the pro- 
pelling device according to the invention; 

Fig 5 is a side elevation of an automobile ve- 
hicle fitted with the propelling device according 
to the present invention. 

40 In the embodiments of Figs. 1 and 2, the pro- 
peller 88 is fixed at the front of a wing 81 , to 
which it is connected through any suitable means, 
uch as 84 . This propeller is adapted to rotate 
About axis 18 . It consists of a cylinder 87 , prefer - 
45 ably hollow, so as to reduce its weight, and pro- 
vided with an inner chamber II filled with gas 
under pressure. This chamber 81 communicates 
with the atmosphere through a narrow slot 81. 
The rear edge or Up of the outlet of said slot is 
w prolonged by a convex rounded surface 78 termi- 
nating in a point 71. On the contrary the front 
lip of said outlet directly makes a substantial 
angle with the outlet direction. 

With such an arrangement, the fluid escaping 
w through slot II Is caused to flow along surface 78 


and it creates a suction ahead of the propeller 
which, if a sufficient amount of gas under pres- 
sure Is caused to escape at a pressure sufficiently 
high, can exert a driving action on the airplane 
wing and propel it at the desired speed. § 

Furthermore, a portion of the air surrounding 
the system U caused to flow in the direction of 
arrows f, a portion of this air passing under cylin- 
der 87 and between said cylinder and the front 
edge of the wing, which creates a counter pres- jq 
sure under point 71, the action of said counter- 
pressure being added to that of the suction cre- 
ated ahead of said point. 

If, through any suitable means, cylinder, 17 is 
caused to turn about its axis IS, the direction of m 
the suction acting upon part 70 — 71 can be modi- 
fied In particular, for taking off, it will be ad- 
vantageous to turn part 71 In an anti-clockwise 
direction from the position showm by Fig 1, in 
such manner that said part 79 makes with re- ^ 
spect to the ground a much greater angle than 
when the airplane is flying a horizontal course. 

In the embodiment of Fig. 2 , chamber 88 is 
formed directly in the wing. In this position of 
member 71, the suction will be directed in an up- gg 
ward direction, thus Increasing the lift. The 
paths of the fluid and air are subsi antially the 
same as in the preceding embodiment. 

Figs. 3 and 4 show two different applications of 
this propelling device to an airplane. In both 
cases, propellers 18 are fixed to the leading edge 
of the wings. But in the embodiment of F,g. 3, 
similar propellers are also fixed to the uprights 
of the landing gear, at 72. The control of the 
airplane is ensured by means of the ailerons and 35 
rudders 71, 74, 78, operated in the usual manner. 

Fig. 5 shows a motor car body 77, of streamline 
shape, with fairings for the wheels 78. 

In this embodiment of the invention, a pro- 
peller of the kind of that shown by Fu 1 is fitted 40 
vertically on the outer wall of the body, for 
instance at 71, 01 at the from. 

In a general manner, w’hile I have, ir the above 
description, disclosed what I deem to practical 
and efficient embodiments of the pir-sent inven- 45 
tion, it should be well understood that I do not 
wish to be limited thcret* as there irugnt oe 
changes made in the arra gemett, disposhion 
and form of the parts witho : departing from fht 
principle of the present invention as compre- 
hended within the scope of the accompanying 
claims. 

What I claim is: 

1. In a body member adaned be propelled 
in a given forward direction an elongated £5 
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hollow leading edge transversely disposed with re- 
spect to said direction, and there being two spaced 
slots running within said leading edge In gen- 
eral parallelism therewith, the combination of 
- features consisting in that the hollow leading 
edge Is adapted Interiorly to be fed with a fluid 
under pressure which Issues through the fore- 
most slot and is of rounded exterior section of 
less size than the general section of the body 
member but practically tangent with the lower 
surface thereof, in that said first slot is narrow, 
unalterable, communicates upwardly In a direction 
directly transverse to said given forward direction 
and terminates within the hollow interior of the 
, - leading edge, in that the second slot passes en- 
tirely through said body member In an upward 
and unalterably rearwardly inclined manner, and 
in that the rear lip of the first slot between both 
slots curves upwardly and rearwardly in rigidly 
unalterable manner from the opening of said first 
slot so as to arch rearwardly to at least the full 
section of said body member. 

2. In a body member adapted to be propelled 
in a given forward direction and having an elon- 

. gated hollow leading edge transversely disposed 
° with respect to said direction, and there being 
two spaced slots running within said leading edge 
in general parallelism therewith, the combination 
of features consisting m that the hollow leading 
edge is adapted interiorly to be fed with a fluid 
under pressure which issues through the fore- 
most slot and is of rounded exterior aection of 
less size than the general aection of the body 
member but extends a distance downwardly to- 
... ward the lower surface thereof, in that said first 
J slot is narrow, unalterable, communicates up- 
wardly in a direction generally transverse to said 
given forward direction and terminates within 
the hollow interior of the leading edge, in that 
40 ihe second slot passes entirely through said body 
member in an upward and unalterably rearwardly 
inclined manner, and in that the rear lip of the 
first slot between both slots curves upwardly and 
rearwardly from the opening of laid first slot so 
as to arch rearwardly to at least the full section 
cf said body member. 

3. In connection with a body member adapted 
to be propelled in a given forward direction and 
having an elongated part transversely disposed 
wah respect to said direction, a propeller which 

w comprises, in combination, a hollow cylinder car- 
ried by said body in parallel spaced relation to 
said elongated part, said cylinder being adapted 
lo be fed interiorly with a fluid under press* re 
and being formed, for the purpose of allow. ng 
said fluid to issue to the atmosphere, with an un- 
alterable narrow outled slot extending along a 
gene: atr:x of said cylinder and located in a 
piane tiansverse to said forward direction, a 
w short front Up for said slot and a relatively longer 
rear Up for said slot which is rigid whh vaid 
cylinder and has a rounded shape starting tan- 
gentially to said transverse plane with its c n- 
vexry turned toward the front and curving grvl- 
w ually so as ultimately to become substantia y 
tangenua 1 to said direction, the front lip of &£id 
cutlet sic: directly making an angle with said 
trar.s ve:sc piane, and said cylinder txiing located 
at a distance from the elongated part of said 
body so as to leave between said cylinder and said 
boay a free space for the flow of air from the 
front of said cylinder to the space at the rear or 
unders.de of said lip 

4. In connection with a body member a £ ;^ted 
7g to be propelled in a given forward direction and 


having a front or leading edge transversely dis- 
posed with respect to said direction, a propeller 
which comprises, in combination, a hollow cylin- 
der carried by said body in parallel spaced re- 
lation to said front or leading edge, said cylin- 5 
der being adapted to be fed interiorly with a 
fluid under pressure and being formed, for the 
purpose of allowing said fluid to issue to the at- 
mosphere, with an unalterable narrow outlet slot 
extending along a generatrix of said cylinder and i0 
located in a plane transverse to said forward di- 
rection, a short front lip for said slot and a rela- 
tively longer rear lip for said slot which is rigid 
with said cylinder and has a rounded shape start- 
ing tangentially to said transverse plane with its 
convexity turned toward the front and curving 
gradually so as ultimately to become substantially 
tangential to said direction, the from Up of said 
outlet slot directly making an angle with said 
transverse plane, and said cylinder oeing p^si- 
tloned at a distance from the front or leading edge 
of said body so as to leave between said cylinder 
and said body a free space for the flow of air 
from the front of said cylinder to the space at 
the rear or underside of said Up. 25 

5. In connection with a body member adapted 
to be propelled in a given forward direction and 
having a front or leading edge transversely dis- 
posed with respect to said direction, a propeller 
wh’ch comprises, in combination, a hollow cylin- 3U 
der carried by said body in advance thereof and 

in parallel spaced relation to said front or lead- 
ing edge, said cylinder being adapted to be fed 
Interiorly with a fluid under pressure and be- 
ing formed, for the purpose of allowing said fluid J5 
to issue to the atmosphere, with an unalterable 
narrow outlet slot extending along a generatrix 
of said cylinder and located In a plane transverse 
to said forward direction, a short front Up for 
said slot and a relatively longer rear lip for said 4Q 
slot which is rigid with said cylinder and has a 4 
rounded shspe starting tangentially to said trans- 
verse plane with Its convexity turned toward the 
front and curving gradually so as ultimately to 
become substantially tangential to said direction, 
the front lip of said outlet slot turning sharply 40 
at about a right angle to said transverse plane 
toward the front, and said cyUnder being posi- 
tioned at a distance from the front or leading 
edge of said body so as to leave between said 
cyUnder and said body a free space for the flow 00 
of air from the front of said cylinder to the 
space at the rear or underside of said Up. 

6. In connection with a body member adapted 

to be propelled in a given forward direction and 55 
having a front or leading edge transversely dis- 
posed with respect to said direction, a propeller 
which comprises, in combination, a hollow cyl- 
inder carried by said body in advance thereof and 
in parallel spaced relation to said front or lead- 
ing edge, said cyUnder being adaptea to be fed 51 
interiorly with a fluid under pressure and being 
formed, for the purpose of allowing said fluid 
issue to the atmosphere with an unalterable nar- 
row outlet slot extending along a generatrix of 
said cylinder and located in a plane transverse 
to said forward direction, a short front Up for 
said slot and a relatively longer reur Up for said 
slot which is rigid with said cylinder and has 
a rounded shape starting tangentially to said - 
transverse plane with its convexity turned toward 
the front and curving gradually so as ultimately 
to become substantially tangential to said direc- 
tion, the front Up of said outlet slot forming a 
sharp angled edge, said cylinder being positioned 
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tt a distance from the front or leading edge of 
said body so as to leave between said cylinder 
and said body a free space for the flow of air 
from the front of said cylinder to the space at 
the rear or underside of said lip. 

7. In connection with a body member adapted 
to be propelled In a given forward direction and 
having a front or leading edge transversely dis- 
posed with respect to said direction, a propeller 
which comprises, In combination, a hollow cyl- 
inder adjustably carried by said body member so 
as to be capable of being turned about an axis 
parallel to said front or leading edge and dis- 
posed In parallelism with said edge, said cylin- 
der being adapted to be fed interiorly with a 
fluid under pressure and being formed, for the 
purpose of allowing said fluid to issue to the at- 
mosphere, with an unalterable narrow outlet slot 
extending along a generatrix of said cylinder and 
located in a plane transverse to said forward 
direction, a short front lip for said slot and a 
relatively longer rear lip for said slot which Is 
rigid with said cylinder and has a rounded shape 
starting tangentially to said transverse plane with 
its convexity turned toward the front and curv- 
ing gradually so as ultimately to become substan- 
tially tangential to said direction, the front lip 
of said outlet slot forming a sharp angled edge, 
said cylinder being positioned at a distance from 


the front or leading edge of said body so as to 
leave between said cylinder and said body a free 
space for the flow- of air from the front of said 
cylinder to the space at the rear or underside 
of said lip * 

8. A self-propelled wing which comprises, in 
combination, a hollow front element forming the 
leading edge and adapted to be fed interiorly 
with a gas under pressure, and a rear element 
carrying the trailing edge of said wing, with a 10 
space between these two elements forming a slot 
extending toward the rear from the underside 
of the wing to the upper side thereof, said front 
element being formed for the purpose of allow- 
ing said gas to Issue to the atmosphere, witn an U 
unalterable narrow outlet slot extending along 
at least a portion of said leading edge and lo- 
cated In a plane transver** to the fore and aft 
direction of the wing and substantially at right 
angles to the chord thereof, a short front Up and to 
a relatively longer rear lip for said outlet slot, 
said rear Up of said slot starting tangentially to 
said transverse plane and curving gradually 
backward so as to form a prolongation of the rear 
upper lace portion of said front hollow element, g§ 
and said front Up of said outlet slot forming a 
sharp angled edge. 

HENRI COANDA 
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In to aircraft which rises vertically (or almost ver- 
tically) by virtue of the simultaneous action of a number 
of elements such as discharge nozzles, rockets or similar 
elements, it is essential to be able to control constantly 
the action of these discharge nozzles or rockets and 
especially the direction and the force of their action, and 
this for a number of reasons, for example when it is de- 
sired to move the aircraft or when one of the discharge 
nozzles or rockets operates differently from the others, 
or again when the ambient medium acts in an unusual 
manne' on the aircraft. 

Id addition, it happens that very rapid shocks are pro- 
duced. and in this case, the corrections must be instanta- 
neous and in consequence automatic. 

It is for these reasons that the present invention has 
for its object a control device for lifting and directional 
members which can be operated either at will by the pilot 
or automatical^ from a gyroscopic unit 

A control device in accordance with the invention is 
applied for example to an aircraft provided with a num- 
ber of discharge nozzles located alone the circumference 
of a circle and in which the reaction directions, orien- 
tated upwards, meet each other and cross above the cen- 
tre of gravity, said discharge nozzles being suspended by 
a swivel joint of the Cardan type 
The present invention contemplates the provision of a 
ii*Tvj , 'cneoits control for all these nozzles, giving to each 
nozze the corresponding inclination desired 
In accordance with the invention the manual or auto- 
mat:. control device comprises a horizontal centra! plate 
havir c a* its periphery a number of points of articula- 
tion equal to the number of nozzles to be controlled, 
cranx-arms fixed to the central plate joining each of the 
nozz’es to the articulation points referred to On these 
crank arms, the fixing of the discharge nozzles is effected 
by joints or pivotal attachments which operate along two 
a* s located in the same plane as the central plate, the 
joints each comprising at its center a sleeve member 
through which the nozzle to be controlled is arranged 
rn Urde e.^ch crank-arm is extended beyond the corre- 
sponding nozzle so as to be supported by a slide situated 
ir the p’ane of the central plate, each slide being artic- 
ulated m its tum about a vertical axis; finally, the cen- 
tral plate is actuated by a lever which can pivot about a 
point arranged below or above the plate, the said lever 
beinc connected to the plate by a member of the same 
r\pe as that which effects the control of each discharge 
nozzle that is to say by a member comprising a joint 
of the Cardan type with a sleeve at its center 

Tn addition in order to obtain automatic control, there 
may he provided a gvroscopic system formed on the one 
hand b> *s roscope^ having their axes in the horizontal 
plane and. on the other hand, by one or a number of 
gym-scope ^ p’aced in such manner that their axes are in 
a emical plane, this gyToscopic system forming a sup- 
p< ng and reference trihedron in apace for the aircraft 
e gyroscopic system is preferably connected to the 
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aircraft by means of clutches. When the gyroscopic iyi- 
tem is completely de clutched from the whole of the air- 
craft, it may be coupled either directly or through a servo- 
mechanism to the handle of the control lever of the cen- 
§ tral plate and from that moment the aircraft is controlled 
automatical!) by this gyroscopic system. 

In accordance with a special feature of the invention, 
it is also possible to effect the control of the aircraft by 
the pilot, by coupling the gyroscopic system to the air- 
10 craft, or to turn the aircraft over to automatic control 
by de clutching the gyroscopic system. 

In certain forms of construction, a supplementary gyro- 
scop i. syxtcm ma> be provided to replace only the ac- 
tion of the pilot, the gyroscopic system first mentioned 
15 remaining fixed to the aircraft 

There will now be described a form of embodiment 
or the invention given by way of example and without 
any limiting seme, reference being made to the accom- 
panying diagrammatic drawings, in which: 
gO Fig I. is a diagrammatic view is plan of ihe whole of 
the control device. 

Fip 2 is nn elevation view of the device in Fig !; 

Fig 3 i% a plan view showing the articulation which 
contro's a divcharee nozzle. 

g5 Fic 4. is a diagrammatic view showing the portion 
of a discharge nozzle displaced by the movement given 
to the central plate. 

Figs < and * are di igrammatic view s respectively in 
p'an in elevation, showing a gyroscopic tyttem mil- 
10 able for c irryin* the invention into effect. 

Fig 7 is a diagrammatic view showing the auembly 
of the control device shown in Figs 1 to 4 with the gyro- 
scopic system of Fi"s 5 and f>; 

Fig 8 iv an election section of an aircraft illustrat- 
$5 ing the m. inner in which a device or system according 
to the invention is mounted therein. 

Ftp 9 and 10, are diagrammatic views of the man- 
ner in which the nozzles or k* tubes are positioned ac- 
cording to the invention for banking and take-off reapec- 
40 lively. 

Referring first of all to Figs t to 4 inchurve. It H 
aeen that a control device in accordirwe with the inven- 
tion is constituted and operates as follows 

A cervral plate or central control member 1 is capaHa 

44 of taking up a number of positions under the action of ft 
lever 17, of which one position has been shown in aolid 
lines ('portion 1) and one in broken lines (position !') 
in Fig I Crank-arms or connecting rods articulated to 
the central plate at 2 then occupy the respective po»- 

•0 tions 3 and 3' (sec Fir \) by sliding inride slides or 
guides 5 which are deposed radially of member 1 and 
can rotate about a vertical axis 7 Universally tillable 
support rncuns 4 ocrupv the positions 4' when the cho- 
irs! con"ol member is shifted to V (Fie U In Fig 
46 4. ther- has been shown the position of the supports at 
4'. The suppo-ts each comprise a ring 14 fixed to a 
ring 13 hv two rotatable -.pindles 12 which can he aeen 
on Fig 3. The nnc 14 is coupled to a sleeve 14 by two 
roiutuh’t: swindles 11 A div>haige nozzle 18 fixed to a 
40 swivel joint f is arranged to slide inside the sleeve 14 
It will he understood that a plurality of jet tubes u. cra- 
zies 18 form inn power unit* of the iet type are arr^rueed 
angularly spaced radially of member I and disposed 
spaced on the circumference of a circle 

45 By virtue of this arrangement. when the %t?poori 4 
is moved to ihc position 4'. which is not necessarily ?a 
the p!..nz of ss mmctrv. which is determined ho th- direc- 
tion of" the vh.ifi 7 »nd the crank -arm 3. the discharge 
nozzle 18 c.»n take up an inclined position in j new plane 

70 by slid nc inside the sleeve 10. the dixp’acemcm of the 
control member 1 having taken place due to the ac'iOEi 
of the lever 17, which is itself fixed to the aircraft bv g 
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fwrvel joint 14 (Fig 8) This Irver is fixed to the mem- 
ber 1 by an articulation 8 which is of the same kind 
as that which controls the discharge nozzles 18. and which 
is shown in Fig. 3 Finally, it may be noted that the 
member 1 slides on balls 15 resting on a surface 18 
fixed to the aircraft. 

Figs. 5 and 6 show a gyroscopic system which can be 
associated with advantage with the control device shown 
ir Figs 1 to 4. This system comprises a turbine 28 
(preferably driven by the suction of the surrounding air 
in the apparatuses which supply the lifting or directional 
discharge nozzles 18 of Fig 2) which drives a shaft 21. 
actuating in its turn a pair of bevel gears 22 which trans 
mit movement to the bevel-gears 23 which drive in turn 
drive spindles 25 and thus transmit to gyroscopes 24 their 
movement of rotation. The spindles 25 rotate in bear- 
ings 26 which transmit the gyroscopic effect of the sp n- 
dles 25, through the intermediary of a support 28, 28, 
to the whole assembly or frame 30 

In ad ..uon, on the shaft 21 is mounted a gyrosvope 27, 
which has the effect of keeping the whole of the gyro- 
scopic system vertical. * 

In Fig 7, there has been shown an assembly of the 
gyroscopic system of Figs 5 and 6 which provides for its 
action on the lever of the control device of Figs. ) to 4 
A set of clutches 31 and 32 couples this gyroscopic sys- 
tem to the aircraft When this clutch system is released 
from the aircraft, it is engaged al 33 to the control lever 

17 of the member 1, and in consequence, the aircraft is 
free to move, but the actions due to the movements which 
the aircraft would tend to create with respect to the cen- 
tral members 1 are instantaneously opposed by the control 
of the discharge nozzle effected (by the control device 
is accordance with the invention) in the opposite sense. 
*nd the corrections are automatic. 

There is thus obtained an automatic control which 
maintains the aircraft in the position which it has pre- 
viously been given. 

Devices according to the present invention are par- 
ticularly suitable for the control of aircraft of the type 
described and claimed in my co-peoding application, 
Serial No. 626.026 hied of even date 

As shown in Fig 8, in which the devices of the inven- 
tion have been given the same reference numbers as in 
the preceding figures and is shown mounted in cabin A. 
the movement of a housing 30 for the gyroscopic device 
12-25 causes the lower pan of the control stick 17 to 
prvot about its fixed articulation 16. which causes a slid- 
ing movement of the central plate 1 mounted on balls 15. 
The gyroscope housing 30 can move in a pendular man- 
ner about the same pivotal point 16, the casing being sup- 
ported on plates 35 rolling on balls 36 on a spherical 
•urface 34 of the aircraft, the center of which is the cen- 
ter of gravity of the aircraft. Fig. 8 also shows the ar- 
rangement for transmission of movement of the central 
plate 1 to control the tilt of the discharge nozzles 18. 

As can be seen diagrammatically in Fig 9. the nozzles 

18 ire tilted in unison to bank the aircraft and a projec- 
tion of the nozzle center lines corresponding to their 
effective lines of force intersect at CP with a resultant 
vector 38 corresponding to the resultant force vector mak- 
ing it possible to bank and thus turn The position of 
the nozzies or jet tubes 18 for take-off is shown in Fig 10 
The resultant force is diagrammatically represented as a 
vector 39 shown as a vertical lift vector directly above 
Jye aircraft center of gravity C.G 

It will be understood that various modifications or im- 
provements may be made to the forms of embodiment 
described and shown, by replacing equivalent members, 
without thereby departing from the spirit or from the 
scope of the appended claims 

What I claim is: 

1. In an aircraft, a plurality of jet tubes forming power 
units of the jet type angularly spaced on the circumference 
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of a circle, a aource of Jet power for the tubes, umvemlfy 
tfltable support means for tilubly supporting the jet tubes 
individually, a control arrangement for tilting the jet tubes 
simultaneously with respect to the vertical and to return 
6 them to a predetermined position with the jets dixchirg 
ing downwardly comprising, a central control member 
shiftable a predetermined extent in any direction, a plu- 
rality of angularly spaced connecting rods extending 
radially from the central member and each pivotally con- 
10 nected thereto, each rod being connected to a corrc 
•ponding jet tube support for moving it to tilt an aw 
ciated jet tube, for each rod a pivotally mounted guide, 
the guides being disposed radially of the centra! control 
member in fixed angularly spaced positions, and means 
15 for shifting the central control member in any direction 
within the predetermined extent 

2. In an aircraft, a plurality of jet tubes forming power 
units of the jet type angularly spaced on the circumference 
of a circle, a source of jet power for the tubes, universally 
tO tillable support means for tilubly supporting the jet tubes 
individually, a control arrangement for tilting the jet 
tubes simultaneously with respect to the vertical and to 
return them to a predetermined position with the jets 
discharging downwardly comprising, a ccntr.d control 
13 member shiftable a predetermined extent in any direc- 
tion, a plurality of angularly spaced connecting rods ex- 
tending radially from the central member an.! each piv 
otally connected thereto, each rod being connected to a 
corresponding jet tube support for moving it to tilt an 
80 associated get tube, for each rod a pivota!l> mourned 
guide, the guides being disposed radially of the central 
control member in fixed angularly spaced positions, and 
manual means for shifting the central control member 
at will in any direction withm the predetermined extent 
88 3 In an aircraft, a plurality of jet tubev forming 

power units of the jet type angularly spaced on the cir- 
cumference of a circle, a source of jet power for the 
tubes, universally tillable support means for nltahly sup 
porting the jet tubes individually, a control arrangement 
60 for tilting the jet tubes simultaneously with rtspevt to the 
vertical and to return them to a predetermined poMt>on 
with the jets discharging downw-nrdly comprising a cen 
trai control member shiftable a predetermined extent in 
any direction, a plurality cf angularly space. 1 connecting 
68 rods extending radially from the central member md each 
pivotally connected thereto, each rod being conn, cted to 
a corresponding jet tube support for moving it to till ;*n 
asaociated jet tube, for each rod a pivotally mounted 
guide, the guid„*s being disposed radi.d’y of rent* at erntroi 
w member in fixed angularly spaced positions, and mean* 
comprising a lever manually operable by a pilot for shift 
ing the central control member in any direction v ith the 
predetermined extent 

4. In an aircraft, a plur.ditv of jet tubes for mm; pc vn 
M units of the jet type angularly spaced on the emeumfer 

ence of a circle, a source of jet power for the tubes, um 
versally tillable support means for tiltabU supporting 
the jet tubes individually, a control arrangement for til i- 
ing the jet tubes simultaneously with respect to the ver 
tkal and to return them to a predetermined position wiih 
the jets discharging downwardly comprmne ,i central 
control member shiftable a predetermined extent in «n\ 
direction, a plurality of angularly sp iced connecting rod' 
gg extending radially from the central member and e>a 
pivotally connected thereto, each rod hein g connected tn 
a corresponding jet tube support for moving is to ul, an 
associated jet tube, for each rod a pivotally mounted pmd'- 
for slidably guiding the rods the guides being disposed 
radially of the central control memher and radial l* out- 
wardly of the jet tubes in fixed angulirh spaced posi- 
tions, and means for shifting the central control ncmv-i 
in any direction within the predetermined extern 

5. In an aircraft, a plurality of jet tubes forming pc.wer 
Ti units of the jet type angularly spaced on the circumfer- 
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eace of i circle, a source of jet power for the tubes, uni- 
versally tiltable support means for tUtmbly supporting 
the jet tubes individually, a control arrangement for tilt- 
ing the jet tubes simultaneously with respect to the ver- 
tical and to return them to a predetermined position with 5 
the jets discharging downwardly comprising, a central 
control member shiftable a predetermined extent in any 
direction, a plurality of angularly spaced connecting rods 
extending radially from the central member and each piv- 
otally connected thereto, each rod being connected to a 10 
corresponding jet tube support for moving it to tilt an 
associated jet tube, for each rod a pivotally mounted 
guide, the guides being disposed radially of the central 
control member in fixed angularly spaced positions, and 
gyroscopic ally controlled means for automatically ahift- 
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mg the central control member in any Erection within 
the predetermined extent for maintaining a preset alti- 
tude of the aircraft. 
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LIFTING APPARATUS 
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Filed May 20, 1964, Ser. No. 368,852 5 

20 Claims. (Cl. 60 — 35.5) 

This invention relates to lifting apparatus and more 
particularly to such apparatus which utilizes the physical 
phenomenon known as the Coanda effect. jq 

The present invention, while of general application, 
is particularly well suited for use as a propulsion device 
for aircraft and similar vehicles of the so-called Vertical 
Take Off-Landing (VTOL) type. Such aircraft are 
capable of moving both vertically and horizontally and 15 
of hovering in a substantially stationary position with 
a high degree of inherent stability. 

In one form of prior apparatus of this type, the lift 
and horizontal thrust for the aircraft are produced 
through the use of a series of blower devices which are 20 
mounted on a support of generally discoid configuration. 

As more fully described in U.S. Patent 2,988,303, granted 
June 13, 1961, to Henri Coanda, for example, the blower 
devices are arranged radially with respect to the ap- 
paratus and direct entrained air aloDg spiral paths to 25 
groups of jet discharge nozzles. Each device is provided 
with one or more slots which utilize the Coanda effect 
to entrain a mass of ambient air. The air is entrained 
from one $;de of the apparatus, while the discharge 
nozzles are arranged on the opposite side, thus produc- 30 
irg a differential pressure to cause motion in the direc- 
tion of the lower pressure. 

As disclosed, for example, in U.S. Patent 2,052,869, 
granted September 1, 1936, to Henri Coanda, the Coanda 
effect is produced when air or other fluid under pressure 
leaves a chamber through an orifice disposed adjacent 
an extended lip which continuously recedes from the di- 
rection of emergence of the fluid. The stream of fluid 
which passes through the orifice has a tendency to follow 
the surface having the extended lip, carrying with it a 
supplementary mass of the amoien fluid. In this way a 
large volume of ambient fluid is entrained and directed 
by a small mass of fluid under pressure. 

Heretofore, propulsion apparatus of the foregoing type .. 
have exhibited certain disadvantages. As an illustra- J 
tion, for apparatus of the type previously employed which 
w as capable of producing a given lift, for example, ef- 
rts to increase tne lift by increasing the size of the 
;.ppar-u$ seriously affected the operating efficiency. As 50 
a resell, particularly for aircraft traveling at relatively 
high altitudes, such prior apparatus frequently proved 
deficient in the realization of the .ecessary lift. In addi- 
tion. the comparatively large number of blower devices 
employed in apparatus of the type used heretofore, to- 55 
gether with the various spiral passageways, etc., often 
necessitated the use of expensive and complicated piping 
equipment. These latter difficulties have been further 
compounded by the need for directing the output of the 
blowers to the jet discharge nozzles. $0 

One general object of this invention, therefore, is to 
provide new and improved apparatus for producing a 
fluid propulsion force. 

Another object of the invent. on is to provide propul- 
- : " :: 'rpnratus for aircraft and : mated vehicles, (55 

h’ d another object of t. i: vention is to provide ap- 
; v.tus of the character in. mated which makes extremely 
r l.no,: =_>e of the Coanda effect. 

A f "Aer c act of this invention is to provide such 
rates v hh. enables the realization of substantially 70 
i : : iha nzs been obtainable heretofore. 

S i arc. he; eject of the invention is to provide lift 
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producing apparatus which i$ economical to manufacture 
and thoroughly reliable in operation. 

In one illustrative embodiment of this invention, there 
is provided propulsion apparatus of generally lenticular 
configuration which includes a pair of fluid conductor 
means which are symmetrically disposed about an axis ot 
flow. The fluid conductor means respectively include first 
and second Coanda slots, and their facing surfaces from a 
third Coanda slot. Fluid under pressure is directed to 
the fluid conductor means and simultaneously through 
the first and second Coanda slots to induce a primary flow 
of ambient air into the third slot. As the air passes 
through this latter slot, a secondar- ambient flow is in- 
duced into the stream. The sr .coudary flow is derived 
from the upper surface of the appsmtm, thus providing a 
zone of reduced pressure tfcereadjx-;:;: and the combined 
flow follows the direction of the fic.v axis to provide a zone 
of increased pressure beneath the apparatus. 

In accordance with one feature o* the invention, the 
secondary flow of ambient fluid, after passing through 
the third Coanda slot, is directed over the curved surface 
of a lip member which is supported on the downstream 
side of the third slot. In several advantageous embodi- 
ments, the third slot is arranged in cascading relationship 
with the first and second slots, and the throat dimensions 
for the various slots, rather than being directly propor- 
tional to the overall size of the apparatus, are established 
in accordance with unique and predetermined relation- 
ships to provide optimum operating efficiency for ap- 
paratus of widely varying size. In addition, the curved 
surface of the lip member is of particular configuration 
and is defined by a parabolic segment which is revolved 
about the axis of the apparatus to enable maximum ef- 
fective utilization of the Coanda effect. 

In accordance with another feature of the invention, in 
several good arrangements, each of the fluid conductor 
means comprises an annular conduit having a curved sur- 
face which is parabolic in shape and which cooperates 
with the corresponding first or second Coanda slot. The 
various parabolic surfaces adjacent the Coanda .riots are 
arranged to provide a substantial pressure differential be- 
tween the upper and lower faces of the apparatus to pro- 
duce an unusually high lift. Moreover, particularly be- 
cause of the momentum produced by the action of the 
annular conduits, the apparatus enables the realization of 
an extremely large flow augmentation. 

In accordance with a further feature of certain em- 
bodiments of the invention, there is provided a unique 
arrangement for supplying fluid to the annular conduits. 
The arrangement includes an additional Coanda slot 
which induces a substantial flow of ambient air into the 
conduits from adjacent the upper face of the apparatus. 
With this arrangement, the lift and flow augmentation 
are further enhanced. 

The present invention, as well as further objects and 
features thereof, will be understood more clearly and 
fully from the following description of certain preferred 
embodiments, when read with reference to the accompany- 
ing drawings, in which: 

FIGURE 1 is a schematic plan view of an airrrr f: 
utilizing a plurality of propulsion apparatus in a ,.e udaz.r 
with one preferred embodiment of this inventor; 

FIGURE 2 is an enlarged vertical cross-secrionai view, 
with certain parts broken away, of one of the propulsion 
apparatus shown in FIGURE i; 

FIGURE 3 is a vertical cross-sectional view of in 
airfoil and associated pans useful with the apparatus; 

FIGURE 4 is a perspective view, partially broken 
away and in section, of the apparatus illustrated in FIG- 
URE 2; ‘ 

FIGURE 5 is a vertical cross-sectional view, with cer- 
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tain parts broken away, of propulsion apparatus in ac- 
cordance with another preferred embodiment of the inven- 
tion; 

FIGURE 6 is a horizontal sectional view taken along 
the line 6 — 6 of FIGURE 5, with certain portions broken 
away to show internal structure; and 

FIGURE 7 is am enlarged cross-sectional view, partial- 
ly schematic and with certain parts broken away, of a 
portion of the apparatus of FIGURE 2. 

Referring to FIGURE 1, an aircraft 10 comprises a 
fuselage schematically shown at 12 and four propulsion 
devices 14 of generally discoid configuration. In the 
illustrated embodiment, the devices 14 are mounted at 
the outer ends of two elongated structural members 16 
which are transversely supported in spaced-apart relation- 
ship with each other on the upper surface of the fuselage 
12. A eimbal connection 17 serves to maintain each 
of the devices 14 pivotally suspended from the cor- 
responding structural member to enable movement of the 
devices (by means not shown) to control the direction 
of travel of the aricraft. In other good arrangements, 
the devices 14 are mounted in stationary' positions, such 
as within a wing or other airfoil, for example, and the 
direction of flight is determined by movable vanes carried 
tberebeneath. 

Each of the propulsion devices 14 is supplied with fluid 
tinder pressure from a pressure source 18. In the em- 
bodiment of FIGURE 1, the source 18 advantageously 
comprises a gas turbine for generating a pressurized 
gaseous fluid, although in other embodiments liquids such 
as water, etc., may be employed with good effect. The 
source 18 is arranged to supply the fluid to each of the 
devices 14 through a conduit 20 and a branch conduit 22. 

As best shown in FIGURE 2, each of the propulsion 
devices 14 is uniformly disposed about a centrally located 
flow axis 24. The gimbal connection 17, shown sche- 
matically in this figure, supports an upstanding tube 26 
which is positioned along the axis 24 and is open at its 
upper end to the atmosphere. The lower end of the tube 
26 is in spaced juxtaposition with a second tube 30 
which serves as an internal nozzle and is coaxially aligned 
with the tube 26. The facing portions of the tubes 26 
and 30 form a Coanda nozzle 32 having an annular 
Coanda slot 33 therebetween. The nozzle 32 is enclosed 
by a cylindrical jacket 36 having an annular chamber 45 
38 therein which is in open communication with the cor- 
responding branch conduit 22. The pressurized fluid from 
the conduit 22 is introduced into the chamber 38 and 
emerges from the slot 33 in a horizontal plane indicated 
schematically in FIGURE 2 by the line 42. This plane 
meets the flow axis 24 at a right angle. 

The characteristics of the Coanda nozzle 32, which in 
■ome respects are similar to those of the other Coanda 
nozzles in the various illustrated embodiments of the in- 
vention, car best be understood with reference to FIG- 
URES 2 and 7. The nozzle 32 includes a protruding lip 
40 which is formed on the inner cylindrical surface of the 
tube 30 a short distance beneath the plane of emergence 
*2 of the pressurized fluid through the Coanda slot 33. 

The inner surface of the tube 30 converges sharply to a 
throat having a minimum planar area of a diameter V’ 
and then continuously increases in size, thus forming a 
convergent-divergent nozzle. 

FIGURE 7 is an enlarged, partially schematic view of 
a portion cf FIGURE 2. The lip 40 includes a parabolic 
surface 44 which extends from immediately adjacent the 
Coanda slot 33 to a point adjacent the throat of the 
tube 30. This portion of the lip 40 continuously recedes 
from the plane 42 of emergence of the pressurized fluid. 

The surface 44 is formed by a segment of a parabola 
which is removed about the flow axis 24 and includes a 
parabolic axis 48. This latter axis intersects the sur- 
face 44 at a vertex v and advantageously forms an acute 
angle p (beta) with respect to the direction of fluid flow 
along the axis 24 to achieve the optimum Coanda effect. 
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A comparatively straight segment 46 merges with the 
parabolic segment and defines the diverging portion of the 
lip 40. 

In some embodiments of the invention, the angle p ad- 
5 vantageously lies within predetermined, well defined limits 
and is determined in part by the maximum desired lift in 
a particular propulsion device. In cases in which com- 
paratively high maximum lift is needed, the angle p is 
small, while somewhat larger angles are employed in cases 
10 in which the lift requirements are lower. In certain par- 
ticularly good arrangements, the angle p is within the 
range of from about 10* to about 45* to achieve the 
optimum lift characteristics. 

The vertex v of the parabola forming the parabolic sur- 
15 face 44 is located on this surface in spaced relationship 
with the plane 42 of emergence. The shape of the sur- 
face 44 may be expressed in terms of the distance a be- 
tween the vertex v and the parabolic focus / lying along 
the axis 48. In several good embodiments, this distance 
20 a is closely related to the throat diameter d (FIGURE 2) 
such that the ratio d/a lies within a predetermined range. 
Preferably, the ratio extends between 5 and 25 to provide 
a Coanda lip 40 of optimum shape and thereby make 
maximum effective use of the Coanda effect. 

As the pressurized fluid from the source 18 (FIGURE 
1) passes through the Coanda solt 33, a low pressure zone 
is formed along the parabolic surface 44 of the lip 40. 
Because of the annular configuration of this surface, the 
low pressure zone extends across the tube 30 immediately 
30 adjacent the throat and entrains a large mass of ambient 
air from the open upper end of the tube. The com- 
bined air and fluid move vertically along the flow axis 
24 at reduced pressure and substantially increased 
velocity. The Coanda nozzle 32 and associated parts thus 
30 serve as the first stage of the device 14 and produce a 
primary flow of accelerated ambient air which is taken 
from the upper portion of the device and passes through 
the tube 39 along a downwardly directed path. 

The lower end of the tube 30 is closed by a generally 
40 circular plate 50. As best shown in FIGURES 2 and 4, 
four circular openings 52 are provided in the tube im- 
mediately above the plate 50 and are respectively con- 
nected to radially extending pipes 54, 56, 58 and 60. 
These pipes are arranged in a horizontal plane at right 
angles to each other, the pipes 54 and 58 being coaxially 
supported and extending in a direction perpendicular 
to the coaxial pipes 56 and 60. 

There are two second stage Coanda nozzles 62 and 63 
and corresponding Coanda slots 64 and 65. The slots 64 
50 and 65 are respectively defined by two fluid conductor 
means, such as the annular conduits 67 and 68, for ex- 
ample, which enclose corresponding fluid chambers 69 
and 70. The conduits 67 ana 68 are symmetrically dis- 
posed about the axis of flow 24 and are maintained in 
53 spaccd-apart relationship with each other in a manner 
that will become more fully apparent hereinafter. 

The annular conduit 67 includes an upper ring 72 and 
a lower ring 73. The ring 72 is provided with an in- 
tegrally formed depending portion 75 which is rigidly 
60 affixed to an upwardly protruding portion 76 of the ring 
73 to form the inner side wall of the conduit 67. The 
outermost rim of the ring 72 is bent downwardly and is 
positioned in spaced relationship with the adjacent rim 
of the ring 73 such that the facing portions of the rings 
65 form the upper Coanda nozzle 62, the spree therebetween 
being of annular configuration and defimng the Coanda 
slot 64. This slot connects the chamber 69 to the at- 
mosphere and faces in a generally downward direction. 
Four circular openings 80 are formed in the upper sur- 
70 face of the ring 72 at ninety-decree intervals to respec- 
tively accommodate depending tubes 81 integrally formed 
with the radially extending pipes 54, 56, 58 and 60. The 
tubes 81 provide support for ihe annular conauit 67 and 
serve to maintain each pipe in open communication with 
75 the chamber 69. 
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In a similar manner, the annular conduit 68 is fabri- 
cated from an upper ring 84 and a lower ring 85. These 
rings art connected together by respective integrally 
formed portions 87 and 88 which serve as the inner wall 
of the chamber 70. The outer rim of the ring 85 is bent 
upwardly and is arranged in spaced relationship with 
the adjacent rim of the ring 84 to form the Coanda slot 65 
therebetween, and the facing portions of the rings 84 and 
85 define the Coanda nozzle 63. The slot 65 faces up- 
wardly and connects the chamber 70 to the atmosphere. 
The ring 85 includes four openings 99 at ninety-degree in- 
tervals which respectively accommodate the free ends of 
the pipes 54, 56, 58 and 60, thus providing support for 
the conduit 68 and maintaining the same in spaced rela- 
tionship with the conduit 67. The outermost portions of 
*nese pipes extend downwardly and are of generally U- 
shnged configuration to meet the openings 90. 

The accelerated initial flow of ambient air, together 

hi the pressurized fluid from the source 13 (FIGURE 
moves through the pipes 54, 56, 58 and 60 and into 
chamber 69 formed by the upper conduit 67 and the 
-.amber 70 formed by the lower conduit 68. The ac- 
, arated fluid then passes simultaneously through the 
Coanda slots 64 and 65. These slots arc in vertical 
alignment with each other such that the fluid passing 
through the slots emerges in a direction parallel to the 
flow axis 24, as shown schematically in FIGURE 2 by 
the line 92, with the fluid from the slot 64 being directed 
in a downward direction while that from the slot 65 be- 
ing directed upwardly. 

On the downstream side of the fluid emerging from 
the Coanda slot 64, there is provided an external para- 
bolic surface 93 on the lower ring 73 of the conduit 67. 
Similarly, the upper ring 84 of the conduit 68 includes an 
external* parabolic surface 94 on the downstream side of 
the fluid emerging from the Coanda slot 65. The surfaces 
93 and 9; form protruding lips for the Coanda nozzles 
62 and 63, respectively, and are each defined by a segment 
of a parabola which is revolved about the main flow axis 
24. As the fluid in the conduits 67 and 68 passes through 
the slots 64 and 65, a low pressure zone is formed along 
the surfaces 93 and 94 which extends throughout the 
space between the conduits. A large mass of secondary 
ambient air is entrained from the peripheral edge of the 
Je ice which merges with the fluid from the slot 64 and 
65. The combined air and fluid move horizontally in a 
generally radi?d direction toward the flow axis 24 along 
a plane indicated schematically at 98. 

The parabolic axis 96 for the surface 93 and the para- 
bolic axis 97 for the surface 94 each form an acute angle 
v ith re>pcct to the direction 98 of the fluid flowing 
v >een the conduits 67 and 68. Although various an- 
$ may be employed in accordance with the invention, 
.-.pending among other things on the maximum desired 
for the device, in some advantageous embodiments 
ir.e angle 3' preferably is within the 10° to 45 c range 
:>ccified above for best results. 

As indicated heretofore, the shape of a given parabolic 
surface may be expressed in terms of the distance be- 
tween the vertex and the parabolic focus. With respect to 
•h- parabolic surfaces 93 and 94. tbe vertex v' and the 
s *' are septupled by a distance a \ This distance is 
c c sc 1 \ related to the minimum throat distance d’ between 
me ar.nuiar conduits 67 and 63. Ir. certain advantageous 
arrangements, the ratio d 7a' extendi between 5 and 25 
for each of the surfaces 93 and 94. By maintaining the 
ratio within this range, a substantial increase in momen- 
tum is imnarred to the air moving inwardly from the con- 
duits 67 and 68 to enable the realization of an extremely 
large propulsion force. 

The facing portions of the annular conduits 67 and 68 
farm an additional Coanda nozzle 190, the space between 
the conduits defining a Coanda slot 101. The nozzle ICO 
and the slot 101 comprise the third stage of the device 
and arc formed by the facing parabolic surfaces 93 and 
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94 and by two ring-shaped flanges 103 and 104 which 
are integrally connected to the rings 73 and 85, respec- 
tively, and extend inwardly from the corresponding sur- 
faces 93 and 94. The flanges 103 and 104 serve as sub- 
5 stantially straight extensions of the surfaces. 

Rigidly affixed to the lower conduit 68 is an annular 
lip member 105 which is symmetrically disposed about 
the flow axis 24. The member 105 is of circular cross 
section and includes a parabolic surface 107 which con- 
10 tinuously recedes from the plane of emergence, repre- 
sented by the line 98, of the fluid moving through the 
Coanda slot 101. The surface 107 is formed by a segment 
of a parabola which is revolved about the flow axis 24 and 
includes a parabolic axis 113. In a manner similar to 
15 the parabolic axis 48 described above, the axis 110 forms 
an acute angle with respect to the direction of fluid 
flow along the axis 24. In several good embodiments of 
the invention, the angle /3" is maintained within the range 
of from about 10° to about 45* to achieve the optimum 
20 Coanda effect. A comparatively straight segment 112 
merges with the parabolic segment adjacent the lower 
portion of the propulsion device. 

The vertex v" of the parabola forming the surface 
107 is positioned on this surface in spaced relationship 
25 with the plane of emergence 98. The distance a " be- 
tween the vertex v" and the parabolic focus /" on the 
axis 110 is closely related to the throat diameter d'\ In 
several advantageous arrangements, the ratio d“/a " ex- 
tends betw-en the limits indicated heretofore to provide a 
30 surface 107 of optimum shape and thus enable the maxi- 
mum effective use of the Coanda effect. 

As an aid to streamlining the flow of fluid through the 
throat d” of the member 105, annular vanes 114, 115 
and 116 are located within the member 105 in coaxial 
3a relationship therewith. These vanes are supported in posi- 
tion by thin, aerodynnmically shaped brackets 117. 

In operation, fluid under a pressure which is illustra- 
tively of the order of one hundred pounds per square inch 
gauge, for example, is introduced through the conduit 22 
40 into the annular chamber 38. The fluid passes through 
the Coanda slot 33 and in accordance with the Coanda 
effect follows the curvature of tbe protruding lip 40. The 
influx of fluid serves to reduce the pressure at the throat 
d below atmospheric and causes an induced flow of am- 
4 - bient air to be sucked into conduit 26. 

The induced fluid and the fluid moving through the 
Coanda slot 33 flow downwardly through th* tube 30, the 
velocity being reduced in the diverging portion of the tube 
to raise the pressure to just above atmospheric pressure 
rjQ (2bout 1.2 atmospheres) adjacent the pipes 5**, 56, 58 and 
60. The combined fluids pass through these pipes and 
into the annular conduits 67 and 68, wl»ere the fluids 
are uniformly distributed throughout the peripheral por- 
tion of the device. The fluids serve as a primary flow 
55 which passes simultaneously through the second stage an- 
nular Coanda slots 64 and 65 -and in accordance with the 
Coanda effect follows the contour of the parabolic sur- 
faces 93 and 94. A zone of reduced pressure is created 
within the throat d' to entrain a secondary fow of am* 
00 bient air from adjacent the periphery of the uevice. Sub- 
stantial momentum is imparted to this secondary flow, and 
a low pressure area is formed around tbe peripheral edge 
of the device which provides greatly increased stability 
during flight. 

G5 The combined fluids pass through tbe third stage Co- 
anda slot 101 and fellow the concur defined by the in- 
ner parabolic surface 197 cf the member 105. The .slot 
101 is in cascading relationship with the second stage 
slots 64 and 65, that is, the combined fluids from the 
70 slots 64 and 65, together with the induced ambient flow, 
serve as the input for the slot 101. This input produces 
a reduced pressure in the vicinity of the throat d" and 
causes a tertiary’ flow of .ambient air which enters the de- 
vice from adjacent its upper surface. The, ambient flow, 
75 along with the air withdrawn from above the tube 26 by 
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the first stage Coanda nozzle 32, form a low pressure 
area immediately above the upper surface of the device. 
*1 he fluids directed downwardly along the flow axis 24 
from the member 105, on the other hand, produce a zone 
of increased pressure immediately beneath the device. 
The resulting pressure differential between the upper and 
lower surfaces urges the device in the direction of the re- 
duced pressure to produce substantial lift for the aircraft 
10 (FIGURE 1). 

FIGURE 3 is illustrative of an arrangement for reduc- 
ing heat loss and air resistance across a laterally extend- 
ing pipe 120. The pipe 120, which is representative of 
the pipes 54, 56, 58 and 60 described heretofore, includes 
a first insulating member 121 affixed to its upper surface 
and a second insulating member 122 on its lower surface. 
The members 121 and 122 a it aerodynamically contoured 
and serve as fins to reduce drag. Although the members 
121 and 122 may be fabricated from various insulating 
materials, wood is particularly effective in minimizing any 
beat losses that might otherwise occur. 

Referring now to FIGURES 5 and 6, there is shown 
a fluid propulsion device 125 of generally discoid con- 
figuration which is constructed in accordance with an- 
other preferred embodiment of the invention. The device 
125 includes a first stage Coanda nozzle 127 and a corre- 
sponding Coanda slot 128 which are. substantially the 
same as the first stage nozzle 32 (FIGURE 2) and the 
slot 33 described above with respect to the device 14. 
Fluid UDder pressure is fed to the slot 128 from the 
branch conduit 22 connected to the pressure source 18 
(FIGURE 1). Because of the Coanda effect, the fluid is 
directed downwardly along a vertical flow axis 130 past 
the inner parabolic surface 132 of a tube 133. This tube 
serves as an internal nozzle in a manner similar to the 
tube 30 of the device 14 and entrains a comparatively 
large mass of ambient air from adjacent its open upper 
end. 

The tube 133 is substantially longer than the tube 30 
of the propulsion device 14. Four openings 135 are pro- 
vided in the tube 133 a short distance beneath the para- 
bolic surface 132, and these openings are respectively 
connected to radially extending pipes 137, 138, 139 and 
140 (FIGURE 6). The pipes 137, 138, 139 and 140 ex- 
tend horizontally from the tube 133 at right angles to 
each other, and their free ends are bent downwardly and 
are fixedly secured to an annular conduit 142 having 
a fluid conducting chamber 143 therein. In a similar man- 
ner, the lower end of the tube 133 includes four openings 
145 which respectively accommodate radially extending 
pipes 147, 148, 149 and 150, these pipes being hidden 
in FIGURE 6 by toe pipes 137, 138, 139 and 140. The 
outer ends of the pipes 147, 148, 149 and 150 are bent in 
an upward direction and are connected to an annular con- 
duit 152. This latter conduit defines a fluid conducting 
chamber 153. 

The annular conduits 142 and 152 are symmetrically 
disposed about the flow axis 130 in spaced relationship 
with each other and are of a diameter somewhat less 
than that of the conduits 67 and 68 (FIGURE 2). The 
conduit 142 is fabricated from an upper ring 155 and 
a lower ring 156 which are fixedly secured together by 
flanges 153 and 159. These flanges form the outer 
peripheral wall of the chamber 143. The inner portions 
of the rings 155 and 156 are spaced apart and serve as 
a second stage Coanda nozzle 160, the space between the 
inner portions defining a Coanda slot 161. The slot 
161 is of annular configuration and is arranged to dis- 
charze the fluid received from the pipes 137, 138, 139 
and 140 in a vertically downward direction parallel to 
the flow axis 13°. 

The annular conduit 152 forms a mirror image of the 
conduit 142. The conduit 152 includes an upper ring 
164 and a lower ring 165 which are maintained in fixed 
tvlr.tlonihip with ca^h other by flange* 166 and 167. 
The inner edges of the rings 164 and 165 ?re spaced 
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apart to form an additional second stage Coanda nozzle 
169 and corresponding Coanda slot 170 therebetween. 
The fluid from the pipes 147, 148, 149 and 150 emerges 
from the Coanda slot 170 and initially follows an up- 
5 ward I y directed path parallel to the axis 130. 

The ring 156 of the upper conduit 142 and the ring 
164 of the lower conduit 152 respectively include para- 
bolic surfaces 172 and 173 which serve as lips for the 
second stage Coanda nozzles 160 and 169. The surfaces 
jq 172 and 173 are located internally with respect to their 
corresponding conduits on the downstream side of the 
Coanda slots 161 and 170. Fluid emerging from these 
slots follows the path of the surfaces 172 and 173 and 
is directed outwardly in a radial direction transverse to 
15 the flow axis 130 along a horizontal plane 175. The 
fluid entrains a large mass of ambient air from adjacent 
the center of the device which is sucked into the space 
between the conduits 142 and 152. 

In a manner similar to that discussed heretofore with 
20 respect to the parabolic surfaces 93 and 94 (FIGURE 
2) of the propulsion device 14, the surfaces 172 and 
173 on the respective conduits 142 and 152 include 
parabolic axes which form acute angles with resnec’ to 
the direction of flow of the fluid moving between the 
25 conduits. In addition, the distances between the vertices 
of the parabolas and the parabolic foci are closely re- 
lated to the minimum throat distance between the con- 
duits in accordance with a predetermined ratio. Al- 
though these angles and ratios vary widely depending 
30 upon the particular characteristics of a given propulsion 
device, in several particularly effective embodiments the 
angles and ratios are maintained within the preferred 
ranges described above. 

The facing portions of the conduits 142 and 152 form 
35 a third stage Coanda nozzle 180 having an annular 
Coanda slot 181. The slot 181 extends outwardly in 
a radial direction from the parabolic surfaces 172 and 
173 between two ring-shap*d flanges 183 and 184. 
These flanges are integrally formed with the respective 
40 rings 156 and 164 and form extensions of the correspond- 
ing parabolic surfaces. The fluid emerging from the 
second stage Coanda slots 161 and 170 changes direction 
as it passes over the parabolic surfaces in accordance 
with the Coanda effect and, together with the entrained 
cmbier.t air, is directed horizontally through the third 
45 stage slot 181. 

Surrounding the lower conduit 152 immediately be- 
neath the Coanda slot 181 is an annular lip member 
185 which serves as a skirt to control the flow cf fluid 
through the slot. The member 185 is coaxially sup- 
50 ported about the flow axis 130, and its inner rim is rigidly 
secured to the lower conduit. The member is of cir- 
cular cross-section and includes an outer parabolic sur- 
face 187 which continuously recedes from the plane 175 
of emergence of the fluid moving through the slot 181. 
55 The surface 187 is defined by a segment of a parabola 
which is revolved about the axis 130 and includes a 
parabolic axis which meets the direction of fluid flow 
along the axis 130 at an acute angle. This angle ad- 
vantageously is within the range described heretofore 
CO with respect to the parabolic surface 107 (FIGURE 2). 
A comparatively straight segment 188 of the member 
185 merges with the parabolic segment and is followed 
by a second straight segment 189. This latter segment 
is disposed adjacent the lowermost portion of the mem- 
G5 her 185, this portion being in the shape of a hollow- 
cylinder. 

To insure that the ambient fluid drawn into the Co- 
anda slot 181 is derived from the upper portion of the 
apparatus, there is provided a cup-shaped shield 190 
70 which is axially disposed along the flow axis 130. The 
rim of the shield 190 is affixed to a flat ring 192 rigidly 
secured to the lower conduit 152, while the center shield 
portion substantially closes the lower end of the elon- 
gated tunc 133. The ring 192 also serves as support 
T5 fo; the inner portion of the lip member 185. 



An axial opening 195 of a diameter less than that of 
the tube 133 is provided in the shield 190. The open- 
ing 295 accommodates a comparatively short vertically 
oriented tube 197 which is closed at its lower end. As 
he*: shown in FIGURE 6, four elongated pipes 200, 201, 
202 and 203 extend radially from the tube 197 at right 
angles to each other and are connected at their outer 
end.> to the inner surface of the member 185 by brackets 
205. Each of these pipes includes a series of longi- 
tudinally spaced openings 2C6 therein which communi- 
cate with the space defined by the inner surface of the 
member 185. The openings 206 are supplied with fluid 
under pressure from the elongated tube 133 and the 
tube 197. The fluid flowing through the openings pre- 
vents any substantial low pressure area in the space which 
might otherwise adversely affect the lift of the apparatus. 
In addition, the pipes provide structural support for the 
member 1S5. 

An upstanding shroud 210 surrounds the lip member 
185 in ipaced coaxial relationship therewith. The shroud 

210 is in the form of a hollow cylinder and defines a duct 

211 between its inner surface and the outer surface of 
;c.e member 185. The shroud 210 and the member 185 
are fixedly secured together by four comparatively thin 
brackets 212 (FIGURE 6) which extend in an outward 
direction from the portion 189 of the member 185. 

The fluid discharged from the third stage Coanda slot 
181 emerges along the horizontal plane 175 and is di- 
rected downwardly over the parabolic Up 187 of the 
member 1S5 in accordance with the Coanda effect. This 
fluiJ entrains a substantial quantity of ambient air from 
the upper portion of the device. The entrained air is 
drawn into the duct 211 and is discharged from the lower 
portion thereof in the direction of the flow axis 130 to 
form a zone of increased pressure beneath the device. 
The resulting pressure differential produces an axially 
directed lifting force of substantial magnitude. 

lleccuce of the pressurized fluid flowing from the pipes 
202 into the parti ally enclosed space defined b> the inner 
surface of the lip member 185, the pressure in this space 
is increased to a pressure which is at least equal to and 
preferably slightly greater than atmospheric pressure. 
\Vith this arrangement, any pressure reduction in the 
space c-cccsioned as a result of the entrainment of ambient 
a;' ’herein by the tertiary fluid flow through the duct 211 
is maintained at a minimum. 

In each of the illustrated embodiment? of the invention, 
the propulsion force is produced as a result of a first stage 
Coar.dn slot which entrains a primary flow of ambient 
air, a pair of second stage Coanda slots which entrains 
a secondary ambient flow and a third stage Coanda slot 
which entrains a tertiary flow'. The various flows are 
combined ar.J are directed axially with respect to the 
device to produce the desired lift while avoiding any 
necessity for the use of moving parts or highly combustible 
fluids. 

In other good arrangements, particularly for compara- 
tively small aircraft having correspondingly lower pro- 
pulsion requirements, the first stage Coanda slot is elimin- 
ated. In these letter situations, the ambient air entrained 
b\ the fluid flowing through the pair of Coanda slots 64 
and 65 of FIGURE 2, for example, comprise^ the primary 
fl-rv. , while that entrained by the fluid flowing through the 
Coar.da slot HT comprises the secondary flow'. 

Although, the insertion has been shown and described 
as having particular application in the propulsion of air- 
craft fc> means of gaseous fit! id acting on ambient air, 
it is not, in its broadest aspects, restricted to such np- 
piw.'.tia::. Thus, the invention is broad iy applicable to 
the movement of a vehicle through a wide variety of am- 
biem mediums through the use of various pressurized 
fluids. As an illustration, in some cases the apparatus 
is inefu; :w a prcpuMun device for underwa’er vehicles, 
for example, in which the ambient liquid is entrained by 
p:es*i;r:zeJ 'tear,'., a;;, water, or ether fluid, to produce 


the desired propulsion force. Other uses for the ap- 
paratus will suggest themselves to those skilled in the art 
upon a perusal of the foregoing description. 

The terms and expressions which have been employed 
5 are used as terms of description and not of limitation, 
and there is no intention in the use of such terms and 
expressions of excluding any equivalents of the features 
shown and described or portions thereof, but it is recog- 
nized that various modifications are possible within the 
jO scope of the invention claimed. 

Wh3t is claimed is: 

1. In propulsion apparatus, in combination, first and 
second fluid conductor means symmetrically disposed 
about an axis of flow in spaced-apart relationship with 

15 each other, said conductor means respectively including 
flr^t and second Coanda slots and the facing portions of 
said conductor means defining a third Co area slot, a sup- 
ply of fluid under pressure, means for direct. ng fluid fro m 
said supply to said conductor means and tbreugh mi ; first 
20 and second Coanda slots, the fluid passing through said 
first and second Coanda slots inducing a primary flow 
of ambient fluid into said third Coanda slot, and lip 
mean? on the downstream side of said third Coanda slot 
and having a curved surface in juxtaposition therewith, 
25 the fluid flowing through said third Coanda slot induc- 
ing a secondary flow of ambient fluid over said curved 
surface and in the direction of said axis, to thereby pro- 
duce an axially directed propulsion force. 

2. In propulsion apparatus, in combination, first and 
30 second fluid conductor means of generally circular con- 
figuration in spaced-apart coaxial relationship with each 
other, said conductor means respectively including first and 
second Coanda slots and the facing portions of said con- 
ductor means defining a third Coanda slot, a supply of 

33 fluid under pressure, means for directing fluid from said 
supply to said conductor means and simultaneously 
through said first and second Coanda slots, the fluid pass- 
ing through said first and second Coanda slots inducing a 
primary flow of ambient fluid into said third Coanda slot, 
40 and lip means symmetrically disposed about the axis of 
said conductor means and having a curved surface in 
juxtaposition with said third Coanda slot, the fluid flowing 
through said third Coanda slot inducing a secondary flow 
of ambient fluid over said curved surface and in *\e 
45 direction of said axis, to thereby produce an axially di- 
rected propulsion force. 

3. In propulsion apparatus, in combination, first 
and second fluid conductor means symmetrically disposed 
about an axis of flow in spaced-apart relationship with 

50 each other, each of said conductor means having an an- 
nular surface thereon, said conductor means respectively 
including first and second Coanda slots cooperating with 
the corresponding surface and the facing portions of said 
conductor means defining a third Coanda slot, a supply 
55 of fluid under pressure, means for directing fluid from said 
supply to said conductor means and through said first and 
second Coanda slots, the fluid passing through said first 
and second Coanda slots inducing a primary flow of am- 
bient fluid into said third Coanda slot, and lip means on 
60 the downstream side of said third Coanda s'ot and having 
a curved surface in juxtaposition therewith, said curved 
surface being defined by a parabolic segment revolved 
about the axis of flow, ihe fluid flowing through sa d thira 
Coanda slot inducing a secondary flow' of ambient fluid 
65 over said curved surface and in the direction of s..id ixis, 
to thereby produce an axially directed propulsion force. 

4. In propulsion apparatus, in combination, first and 
second fluid conductor means of annular configuration m 
spaced-apart coaxial relationship with each other, each 

70 of said conductor means having an annular surface 
thereon, said conductor means respectively including fust 
and second Coanda slots cooperating with the corre- 
sponding surface and the facing portions of sail co.v 
doctor means defining a third Coanda sld:, a supply of 
75 fluid under pressure, means for directing fluid from sa.U 
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supply to said conductor means and through said first 
and second Coanda slots, the fluid passing through said 
first and second Coanda slots inducing a primary 
flow of ambient fluid into said third Coanda slot, and a 
lip member of circular cross section coaxially supported 5 
with respect to said conductor means and having a curved 
surface in juxtaposition with said third Coanda slot, said 
curved surface being defined by a parabolic segment re- 
volved about the axis of said member, the fluid flowing 
through said third Coanda slot inducing a secondary flew jq 
of ambient fluid over said curved surface and in the direc- 
tion of said axis, to thereby produce an axially directed 
propulsion force. 

5. In discoid propulsion apparatus, in combination, 
first and second annular conduits in spaced-apart coaxial 15 
relationship with each other, each of said conduits hav- 
ing a surface of parabolic configuration thereon, said 
conduits respectively including first and second Coanda 
slots cooperating w'ith the corresponding surface and the 
facing portions of said conduits defining a third Coanda 20 
slot, a supply of fluid under pressure, means for directing 

fi :id from said supply to said conduits and through said 
J bt and second Coanda slots, the fluid passing through 
s^id first and second Coanda slots inducing a primary 
flow of ambient fluid into said third Coanda slot, and 25 
an annular member coaxially supported with respect to 
said conduits and having a curved surface in juxtaposi- 
tion w'ith said third Coanda slot, said curved surface being 
defined by a parabolic segment revolved about the axis 
of said member, the fluid flowing through said third 30 
Coanda slot inducing a secondary flow of ambient fluid 
over said curved surface and in the direction of said axis, 
to thereby produce an axially directed propulsion force. 

6. In propulsion apparatus, in combination, first and 
second conduits symmetrically disposed about an axis of 35 
flow' in spaced-apart relationship with each other, each 

of said conduits having an annular surface thereon co- 
axial with said flow axis, said conduits respectively in- 
cluding first and second annular Coanda slots cooperating 
with the corresponding surface and the facing portions 40 
of said conduits defining a third annular Coanda slot, 
a supply of fluid under pressure, means for directing 
fluid from said supply to said conduits and simultane- 
ously through said first and second Coanda slots, the fluid 
passing through said first and second Coanda slots induc- 
ing a primary flow of ambient fluid into said third 45 
C..-anda slot, and an annular member on the downstream 
sid: of said third Coanda slot and having a parabolic 
surace the axi* of which forms an actue angle with the 
a of flow, the fluid flowing through said third Coanda 
si inducing a secondary flow of ambient fluid over said 50 
p. abolic surface and in the direction of said axis, to 
thereby produce an axiaily directed propulsion force. 

7. Apparatus of the character set forth in claim 6, in 
which said acute angle is within the range of from about 

j degrees to about 45 degrees. 55 

8 In propulsion apparatus of generally discoid con- 
figuration, in combination, first and second annular con- 
duits in spaced-apart relationship with each other, each 
of said conduits being symmetrically disposed about an 
axis of flow and having a parabolic surface thereon, said 60 
conduits respectively including first and second annular 
Coanda slots cooperating with the corresponding surface 
and the facing portions of said conduits defining a third 
annular Coanda slot, a supply of fluid under pressure, 
means for directing fluid from said supply to said con- 65 
duits and through said first and second Coanda slots, the 
fluid passing through said first and second Coanda slots 
emerging in a direction parallel to said axis of flow' and 
inducing a primary flow of ambient fluid in a direction 
transverse to said axis, the fluid from said first and sec- 70 
ond Coanda slot* and said ambient fluid being directed 
into said third Coanda slot, and a lip member of circular 
cross-section coaxially supported with respect to sn id con- 
duits and having a curved surface in juxtaposition with 
said third Coanda slot, said curved surface being defined 75 
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by a parabolic segment revolved about said flow axis, 
the fluid flowing through said third Coanda slot inducing 
a secondary' flow of ambient fluid over said curved surface 
and in the direction of said axis, to thereby produce an 
axially directed propulsion force. 

9. In propulsion apparatus of generally discoid con- 
figuration, in combination, first and second annular con- 
duits in spaced-apart coaxial relationship with each other, 
each of said conduits being symmetrically disposed about 
an axis of flow and having a parabolic external surface 
thereon, said conduits respectively including first and sec- 
ond annular Coanda slots cooperating with the corre- 
sponding surface and the facing portions of said conduits 
defining a third annular Coanda slot, a supply of fluid 
under pressure, means for directing fluid from said supply 
to said conduits and simultaneously through said first 
and second Coanda slots, the fluid passing through said 
first and second Coanda slots emerging in a direction 
parallel to said axis of flow' and inducing a primary' flow 
of ambient fluid inwardly toward said axis in a direction 
transverse thereto from the periphery' of the apparatus, 
the fluid from said first and second Coanda slots and said 
ambient fluid being directed into said third Coanda slot, 
and an annular lip member coaxially supported with 
respect to said conduits and having a curved surface in 
juxtaposition with the inner portion of said third Coanda 
slot, said curved surface being defined by a parabolic 
segment revolved about said flow axis, the fluid flowing 
through said third Coanda slot inducing a secondary flow 
of ambient fluid over said curved surface and in the 
direction of said axis, to thereby produce an axially 
directed propulsion force. 

10. In propulsion apparatus of generally discoid config- 
uration, in combination, first and second annular conduits 
in spaced-apart coaxial relationship with each other, each 
of said conduits being symmetrically disposed about an 
axis of flow and having a parabolic internal surface there- 
on, said conduits respectively including first and second 
annular Coanda slots cooperating with the corresponding 
surface and the facing portions of said conduits defining a 
third annular Coanda slot, a supply of fluid under pres- 
sure, means for directing fluid from said supply to said 
conduits and simultaneously through said first and second 
Coanda slots, the fluid passing through said first and sec- 
ond Coanda slots emerging in a direction parallel to said 
axis of flow and inducing a primary flow of ambient fluid 
outwardly away from said axis in a direction transverse 
thereto, the fluid from said first and second Coanda slots 
and said ambient fluid being directed into said third 
Coanda slot, and a lip member of circular cross-section 
coaxially supported with respect to said conduits and hav- 
ing a curved surface in juxtaposition with the outer por- 
tion of said third Coanda slot, said curved surface being 
defined by a parabolic segment revolved about said flow 
axis, the fluid flowing through said third Coanda slot 
inducing a secondary' flow of ambient fluid over said 
curved surface and in the direction of said axis, to there- 
by produce an axially directed propulsion force. 

11. Propulsion apparatus comprising, in combination, 
first and second conduits of annular configuration in 
spaced-apart coaxial relationship with each other, each of 
said conduits having a curved surface thereon, said con- 
duits respectively including first and second Coanda slots 
cooperating with the corresponding surface and the facing 
portion* of said conduits defining a third Coanda slot, a 
supply of fluid under pressure, fluid conductor means con- 
nected between said supply and said conduits, said conduc- 
tor means including an additional Coanda slot supplied 
with said pressurized fluid and communicating with the 
atmosphere, the fluid supplied to said additional Coanda 
slot inducing 3 primary flow of ambient fluid into said 
conduits and through said first and second Coanda slots, 
the fluid passing through said first and sc:ond Coanda 
slots inducing a secondary flow of ambient fluid into said 
third Co.mda slot, and a lip member of "circular cross- 
section coaxially supported with respect to said conduits 
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2 nd having a curved- surface adjacent the discharge side 
of said third Coanda slot, said curved surface being de- 
fined by a parabolic segment revolved about the axis of 
said member, the fluid flowing through said third Coanda 
slot inducing a tertiary flow of ambient fluid over said 5 
curved surface and in the direction of said axis, to there- 
by produce an axially directed propulsion force. 

12. A discoid propulsion device for producing an axial- 
ly directed propulsion force comprising, in combination, 
flrst and second annular conduits in spaced-apart coaxial io 
relationship with each other, each of said conduits having 
an annular surface of parabolic configuration, said con- 
duits respectively including first and second Coanda slots 
cooperating with the corresponding surface and the facing 
portions of said conduits defining a third Coanda slot, a 15 
supply cf fluid under pressure, fluid conductor means 
connected between said supply and said conduits, said 
conductor means including an additional Coanda slot hav- 
ing a parabolic discharge lip, said additional Coanda slot 
bemg supplied with said pressurized fluid and communi- 20 
caring with the atmosphere to induce a primary flow of 
ambient fluid over said discharge lip, into said conduits 
and through said first and second Coanda slots, the fluid 
passing through said first and second Coanda slots induc- 
ing a secondary’ flow of ambient fluid into said third 25 
Coanda slot, and a lip member of circular cross-secticn 
coaxially supported with respect to said conduits and 
having a cur\ed surface adjacent the discharge side of 
said third Coanda slot, said curved surface being defined 
by a parabolic segment revolved about the axis of said 30 
lip member, the fluid flowing through said third Coanda 
slot inducing a tertiary' flow of ambient fluid over said 
curved surface and in the direction of said axis, to thereby 
produce an axially directed propulsion force. 

15. Propulsion apparatus comprising, in combination, 35 
firs: and second annular conduits symmetrically disposed 
about an axis of flow in spaced-apart coaxial relationship 
with each otber, each of said conduits having an annular 
parabolic surface thereon, said conduits respectively includ- 
ing first and second annular Coanda slots cooperating with 40 
the corresponding surface and the facing portions of said 
conduits defining a third annular Coanda slot, a supply 
of fluid under pressure, fluiJ conductor means connected 
between said supply and said conduits, said conductor 
means including an additional annular Coanda slot having 
a first parabolic discharge lip, said additional Coanda ° 
slot being supplied with said pressurized fluid and com- 
municating with the atomsphere to induce a primary flow 
of ambient fluid over said first discharge lip, said first lip 
having a first parabolic axis which meets the direction of fi0 
primary flow at a first acute angle, said conductor means 
directing said pressurized fluid and said primary flow frem 
sz i first lip into said conduit and through said first and 
se.cnd Coanda slots, the fluid passing through said first 
2 — second Coanda slois inducing a secondary flow of g- 
am Diem fluid into said third Coanda slot, the annular sur- ° 
f^c: of each of said conduits having a second parabolic 
axis which meets the direction of secondary flow at a 
second acute angle, and a lip member of circular cross- 
section coaxially supported with respect to said conduits CQ 
ana having a second parabolic discharge lip adjacent said 
tim'd Coanda slot, said second lip being denned by a 
p: mbolic segment revolved about said flow axis, the fluid 
flo. ing through said third Coanda slot inducing a tertiary 
flow of ambient fluid over said second lip, said second lip c - 
fcV'ing a third paracolic axis which meets the direction 
of tertiary flow at a third acute angle, to thereby pro- 
duce r.r. axially deeded ptopuhion force. 

H LiU producing apparatus of generally discoid con- 
figuration comprising, in combination, first and second -q 
nr ruirm conduit., in spaced-apart coaxial relationship with 
L. 1.1 o‘".e r . each cf said conduits having :m annular 
p.ueu.u c stiritme thereon, said conduits respectively in- 
ctu.Lng first rmJ second annul, r Coanda sol is cooperating 
v».:n me co.tc gcnj.ng surface and the facing portions 75 
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of said conduits defining a third annular Coanda slot, a 
supply of fluid under pressure, fluid conductor means con- 
nected between said supply and said conduits, said con- 
ductor means including an additional annular Coanda 
siot having a first parabolic discharge lip, said additior.nl 
Coanda slot being supplied with said pressurized fluid 
and communicating with the atmosphere to induce a pri- 
mary flow of ambient fluid over said first discharge lip, 
said conductor means directing said pressurized fluid and 
said primary flow from said first lip into said conduits 
and simultaneously through said first and second Coanda 
slots, the fluid passing through said first and second 
Coanda slots inducing a secondary flow of ambient fluid 
into said third Coanda slot, and a lip member of circular 
cross-section coaxially supported with respect to said 
conduits and having a second parabolic discharge lip 
adjacent said third Coanda slot, said second lip being de- 
fined by a parabolic segment revolved about the axis of 
said member, the fluid flowing through said third Coanda 
5lo! inducing a tertiary’ flew of ambient fluid over said 
second lip and in the direction of said axis, to thereby 
produce a propulsion force having a axially directed lift 
component. 

15. Apparatus of the character set forth in claim 14, 
in which said fluid conductor means includes a plurality of 
radially extending pipes interconnecting said additional 
Coanda slot with said first and second conduits, each of 
said pipes having airfoil means of insulating material 
on its exposed outer surface. 

16. A discoid propulsion device for producing an axially 
directed propulsion force comprising, in combination, first 
and second conduits of annular configuration symmetri- 
cally disposed about an axis of flow in spaced-apart co- 
axial relationship with each other, each of said conduits 
having an annular parabolic surface thereon, said con- 
duits respectively including first and second annular 
Coanda slots cooperating with the corresponding surface 
and the facing portions cf said conduits defining a third 
annular Coanda slot, a supply of fluid under pressure, 
fluid conductor means connected between said supply and 
said conduits, said conductor means including an addi- 
tional annular Coanda slot in coaxial relationship with 
said flow axis and having a first parabolic discharge lip, 
said additional Coanda slot being supplied with said 
pressurized fluid and communicating with the atmosphere 
to induce a primary flow of ambient fluid along said flow 
axis and over said first discharge lip, said first lip having 
a first parabolic axis which meets the direction of primary 
flow at a first acute angle, said conductor means directing 
said pressurized fluid and said primary flow from adjacent 
said first lip into said conduits and simultaneously through 
said first 2 nd second Coanda slots in a direction parallel 
to said flow’ axis, the fluid passing through said first and 
second Coanda slots inducing a secondary flow of ambient 
fluid into said third Coanda slot from a direction trans- 
verse to said flow axis, the annular surface of each cf 
said conduits having a second parabolic axis which meets 
the direction of secondary flow at a second acute angle, 
and a lip member of circular cross-section coaxially sup- 
ported with respect to said conduits and having a second 
parabolic discharge lip adjacent said third Coanda slot, 
said second lip being defined by a parabolic segment 
revolved about said flow axis, the fluid flowing through 
said third Coanda slot inducing a tertiary flow of ambient 
fluid over said second lip and in the direction of said 
axis, said second lip having a third parabolic axis which 
meetb the direction of tertiary flow at a third acute angle, 
to thereby produce an axially directed propulsion force! 

17. Apparatus of the character set forth in claim 16, 
in which said lip member is shaped to define a partially 
enclosed space adjacent said annular conduits, means 
supported in said space and supplied with fluid under 
pressure for increasing the pressure therein, and mean* 
for preventing the entrainment of ambient fluid from 
said space into said thu J Coanda slot. 

IS A discoid propulsion device for producing an 
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axially directed propulsion force comprising, in combina- 
tion, first and second conduits of annular configuration 
symmetrically disposed about an axis of flow in spaced- 
apart coaxial relationship with each other, each of said 
conduits having an annular internal parabolic surface 
thereon, said conduits respectively including first and sec- 
ond annular Coanda slots cooperating with the corre- 
sponding surface and the facing portions of said conduits 
defining a third annular Coanda -slot, a supply of fluid 
under pressure, fluid conductor means connected between 
said supply and said conduits, said conductor means in- 
cluding an additional annular Coanda slot in coaxial re- 
lationship with said flow axis and having a first parabolic 
discharge lip, said additional Coanda slot being supplied 
with said pressurized fluid and communicating with the 
atmosphere to induce a primary’ fl° w of ambient fluid 
along said flow axis and over said first discharge lip, said 
first lip having a first parabolic axis which meets the direc- 
tion of primary flow a: a first acute angle, said conductor 
means including a first group of radially extending fluid 
conductors connected to said first conduit and a second 
group of radially extending fluid conductors connected 
to said second conduit for directing said pressurized fluid 
and said primary' flow from adjacent said first lip into 
the corresponding conduits and simultaneously through 
said first and second Coanda slots in a direction parallel 
to said flow axis, the fluid passing through said first and 
second Coanda slots inducing a secondary flow of am- 
bient fluid outwardly away from said flow axis in a di- 
rection transverse thereto and into said third Coanda slot, 
the annular surface of each of said conduits having a 
second parabolic axis which meets the direction of sec- 
ondary flow- at a second acute angle, and a lip member 
of circular cross-section coaxially supported with respect 
to said conduits and having a second parabolic discharge 
lip adjacent the outer portion of said third Coanda slot, 
said second lip being defined by a parabolic segment re- 
volved about said flow axis, the fluid flowing through 
said third Coanda slot inducing a tertiary flow of am- 
bient fluid over said second lip and in the direction of 
said axis, said second lip having a third parabolic axis 
which meets the direction of tertiary flow at a third acute 
angle, to thereby produce an axially directed propulsion 
force. 

19 . Apparatus of the character set forth in claim 18 , 
which comprises shroud means symmetrically supported 
around said lip member in spaced relationship therewith, 
said shroud means and said lip member forming a duct 
for the passage of said tertiary fluid flow. 


20. A discoid propulsion device for producing an 
axially directed propulsion force comprising, in combina- 
tion, first and second conduits of annular configuration 
symmetrically disposed about an axis of flow in spaced- 
5 apart coaxial relationship with each other, each of said 
conduits having an annular external parabolic surface 
thereon, said conduits respectively including first and 
second annular Coanda slots cooperating with the core- 
sponding surface and the facing portions of said conduits 
10 defining a third annular Coanda slot, a supply of fluid 
under pressure, fluid conductor means connected between 
said supply and said conduits, said conductor means in- 
cluding an additional annular Coanda slot in coaxial re- 
lationship with said flow axis and having a first parabolic 
15 discharge lip, said additional Coanda slot being supplied 
with said pressurized fluid and communicating with the 
atmosphere to induce a primary flow of ambient fluid 
along said flow axis and over said first discharge lip, said 
first lip having a first parabolic axis which meets the 
20 direction of primary' flow at a first acute angle, said con- 
ductor means including a plurality of radially extending 
fluid conductors for directing said pressurized fluid and 
said primary flow from adjacent said first lip into said 
conduits and simultaneously through said first and sec- 
25 ond Coanda slots in a direction parallel to said flow axis, 
each of said fluid conductors being connected to said first 
conduit and to said second conduit, the fluid passing 
through said first and second Coanda slots inducing a sec- 
ondary flow of ambient fluid inwardly toward said flow 
30 axis in a direction transverse thereto and into said third 
Coanda slot, the annular surface of each of said conduits 
having a second parabolic axis which meets the direction 
of secondary flow at a second acute angle, and a lip 
member of circular cross-section coaxially supported with 
35 respect to said conduits and having a second parabolic 
discharge lip adjacent the inner portion of said third 
Coanda slot, said second lip being defined by a parabolic 
segment revolved about said flow axis, the fluid flowing 
through said third Coanda slot inducing a tertiary flow 
40 of ambient fluid over said second lip and in the direc- 
tion of said axis, said second lip having a third parabolic 
axis which meets the direction of tertiary flow at a third 
acute angle, to thereby produce an axially directed pro- 
pulsion force. 

45 
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Inventor’s 
creations 
still prove 
electrifying 

■ Science: 

Contemporary 
engineers find a new 
use for an old, cleverly 
designed pump. 


By The Associated Press 

SEATTLE — When two Universi- 
ty of Washington engineers and their 
students set out to build a tiny pump 
for use in medicine, electronics and 
other arenas, they got some insight 
from a 75-year-old patent held by 
inventor Nikola Tesla. 

The work of Tesla, who was once 
a household name, had a profound 
effect on the modern world. He in- 
vented fluorescent light bulbs, held 
the first patent on radio and has his 
name on more than 700 U.S. patents. 
Most of our electrical power system 
— based on alternating current — 
was Tesla’s creation. 

“His impact on the 20th century 
was phenomenal,” said Martin Afro- 
mowitz, a UW professor of electrical 
engineering. 

Yet many of his ideas, including 
a pump design known as the Tesla 
valve, have languished in obscurity. 

“I was surprised at how little ap- 
plication this (pump design) had 
had,” said Fred Forster, a UW pro- 
fessor of mechanical engineering. 

Tesla had built a gas engine 
pump without moving parts. The 
pump featured two complicated se- 
ries of loops for the intake and outlet 
valves designed to favor flow in one 
direction over the other. 

This "leaky valve” approach to 
pumping is not very efficient in 
terms of overall flow rate, Forster 
said, but it has the advantage of 
being simple in construction and 
highly reliable. 

Forster, Afromowitz and gradu- 
ate students Nigel Sharma and Ron 
Bardell studied Tesla’s 1920 patent 
and created a variety of tiny Tesla- 
style pumps by etching silicon 
wafers in the same way computer 
chips are created. 




“It looks kind of bizarre,” Afro- 
mowitz said. “We had no idea if this 
would work.” 

It did, but only after the UW 
team adapted Tesla’s design to fluid 
behavior at the micro level. Some 
$200,000 in private and public fund- 
ing was made available to the UW 
engineering team now working to 
perfect this micropump, which has 
no moving parts. 

The intake and outlet valves, 
each a series of pretzel-like loops on 
each side of the pump chamber, are 
about the width of a human hair. 
The central pump chamber, also sili- 
con, is maybe a quarter-inch in di- 
ameter and one-tenth of a millime- 
ter thick. 

A small electric charge applied 
hundreds of times per second to the 
pump chamber makes it flex, forc- 
ing the fluid to move. Because of the 
design of the valves, the fluid tends 
to move in one direction. 

“We expect miniaturized fluid 
systems to be a major breakthrough 
in new technologies,” Forster said. 

If so, it’s another breakthrough 
credited to a man someone once 
called “the greatest inventor the 
world has ever known.” 

Tesla, a Serb bom in Croatia in 
1856, came to the United States in 
1884 to work in Thomas Edison’s 
lab. The two had a falling out. 

He would go on to create the al- 
ternating current induction motor, 
which made Westinghouse an indus- 
trial giant and which still represents 
about 80 percent of all electrical 
power in use today. 

Tesla died in 1943, a semirecluse 
and in debt. 
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To all whom it may cancel m; 

Ho it known that I. Nikola Tesla, a citi- 
zen of the United States, residing at New 
York, in the county and State of New York, 

5 have invented certain new’ and useful Im- 
provements in Valvular Conduits, of which 
the following is a full, clear, and exact de- 
scription. 

In jnost of the machinery universally em- 
10 ployed for the development, transmission 
and transformation of mechanical energy, 
fluid impulses are made to pass, more ot 
less freely, through suitable channels or con- 
duits in one direction while their return is 
16 effectively checked or entirely prevented 
This function is generally performed by de- 
vices designated as valves, comprising care- 
fully fitted members the precise relative 
movements of which are essential to the effi- 
20 cient and reliable operation of the appa- 
ratus. The necessity of, and absolute de- 
pendence on these, limits the machine in 
many respects, detracting from its practical 
value ana adding greatly to its cost of man- 
26 ufacturo and maintenance. As a rule the 
valve is a delicate contrivance, vory liable 
to wear and pet out of order and thereby 
imperil ponderous, 'complex and costly 
mechanism and, moreover, it fails to meet 
80 the requirements when the impulses are ex- 
tremely sudden or rapid in succession and 
the fluid is highly heated or corrosive. 

Though these and other correlate facts 
were known to the. very earliest pioncons in 
86 the science and art of mechanics, no remedy 
lias os yet be^n found or proposed to date 
far as I am aware, and I believe that I 
am the first to discover or invent any means, 
which permit the performance of the above 
JO function without, the use of moving parts, 
and which it is the object of this application 
to describe. 

Briefly expressed, the advance I have 
achieved consists in the employment of a 
4 8 peculiar channel or conduit eharactiasd by 
valvular action. 

The invention can be embodied in many 
constructions greatly varied in detail, but 
for the explanation of tire underlying prin- 
80 ciplo it may bo broadly stated that the in- 
terior of the conduit is provided with en- 
largements, recesses, projections, bafP.es or 
buckets which, wlulo offering virtually no 
resistance to the passage of the fluid in one 
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direction, other than surface friction, con- 
stitute. an almost impassable barrier to its 
flow in the opposite sense by reason of the 
more or less sudden expansions, contractions, 
deflections, reversals of direction, stops and 
starts and attendant rapidly succeeding 60 
transformations of the pressure and velocity 
energies. 

For the full and complete disclosure of 
the device and of its mode of action refer- 
ence is made to the accompanying drawings 66 
in which — 

T igure I is a horizontal projection of such 
a valvular conduit with the top plate re- 
moved. 

Fig. 2 is side view of the same in eleva- 7o 
tion. 

Fig. 3 is a diagram illustrative of the ap- 
plication of the device to a fluid propelling 
machine such as, a reciprocating pump or 
compressor, and 76 

Fig. 4 is a plan showing the manner m 
which the invention is, or may be used, to 
operete a fluid propelled rotary engine or 
turbine. 

Referring to Fig. 1, 1 is a casin® of metal 80 
or other suitable material which may be 
cast, milled or pressed from sheet in the 
desired form. From its side-walls extend al- 
ternatively' projections terminating in buck- 
ets 2 which, to facilitate manufacture are 36 
congruent and spaced at equal distances, but 
need not lie. In addition to these there are 
independent partitions 3 which are deemed 
of advantage and the purpose of which will 
bo made cKir. Nipples 4 and 5, one at each 90 
end, are provided for pipe connection. The 
bottom is solid and the upper or open side 
is closed by a fitting plate 6 as shown in 
Fig. 2, When desired any number of such 
pieces may be joined in series, thus making S8 
up a valvular conduit of such length as the 
circumstances may require 

la elucidation of the mode of operation 
let it !*> assumed that the medium under 
pressure be admitted at 5. Evidently, its 100 
approximate path will be as indicated by 
the dotted line 7, which is nearly straight, 
that is to say, if the channel be of adequate 
cross-section, the fluid will encounter a very 
small resistance and pass through freely 105 
and undisturbe at least to a degree. Not 
so if the entrance be at the opposite end 4. 

In this case the flow will not be smooth 


Specification c? Letters Patent. 



£2 


1,339,359 


/ 

fc ) 


and continuous, but intermittent, the fluid 
being quickly deflected and reversed in di- 
rection, set fn whirling motion, brought to 
rest and again accelerated, these processes 
6 following one another in rapid succession. 
The partitions 3 serve to direct the stream 
upon the buckets and to intensify the 'ac- 
tions causing violent surges and eddies 
which interfere very materially with the 
10 flow through the conduit. It will be readily 
observed that the resistance offered to the 
passage of the medium will lx?- considerable 
even if it be under constant pressure, but 
the impediments will be of full effect only 
15 when it is supplied in pulses and, more es- 
pecially, when the same are extremely sud- 
den and of high frequency. In order to 
bring the fluid masses to rest and to high 
velocity in short intervals of time eneriry 
CO must be furnished at a rate which is unat- 
tainable, the result being that the impulse 
cannot penetrate very far before it sub- 
sides and gives rise to movement in. the 
opposite direction. The device not only 
25 acts as a hinderment to the bodily return 
of particles but also, in a measure, as a 
check to the propagation of a disturbance 
through the medium. Its efficacy is chiefly 
determined; first, by the magnitude of the 
50 ratio of the two resistances offered to dis- 
turbed and to undisturbed flow, respectively, 
in the directions from 4 to 5 and from 5 to 
4, in each individual element of the con- 
duit; second, by the number of complete 
35 cycles of action taking place in a given 
length of the valvular channel and, third, 
by the character of the impulses themselves. 
A fair idea mav be gained from simple 
theoretical considerations. 

40 Examining more closely the mode of op- 
eration it will be seen that, in passing from 
one to the next bucket in the direction of 
disturbed flow, the fluid undergoes two 
complete reversals or deflections through 180 
45 degrees while it suffers only two small de- 
viations from about 10 to 20 degrees when 
moving in the opposite sense. In each case 
the loss of head will be proportionate to a 
hydraulic coefficient dependent on the angle 
50 of deflection from which it 'follows that, 
for the same velocity, the ratio of the two 
resistances will Ik? as that of the two coeffi- 
cients. The theoretical value of this ratio 
may be 200 or more, but must be taken us 
55 appreciably less although the surface fric- 
tion too is greater in the direction of dis- 
turbed flow. In order to keep it as large 
as possible, sharp bonds should be avoided, 
for these will add to 'noth resistances and re- 
8.0 duco the efficiency. Whenever practicable, 
the piece should be straight; the next best 
is the circular form. 

That the peculiar function of such a con- 
duit is enhanced by increasing the number 
65 of buckets or dements and, consequently, 


cyclic processes in a given length is an 
obvious conclusion, but there ia no direct 
proportionality because the successive ac- 
tions diminish in intensity. Definite limits, 
however, are set constructively and other- 70 
wise to ‘he number of elements per unit 
length of trie channel* and the most economi- 
cal design can only be evolved tlirough long 
experience. 

Quite apart from any mechanical features 7 5 
of the device the character of the impulses 
has a decided influence on its performance 
and the best results- will be secured, when 
there are produced at 4, sudden variations 
of pressure in relatively long intervals, 8l> 
while a constant pressure is maintained at 
5. Such is the case in one of its most valu- 
able industrial applications which will be 
specifically described. 

In order to conduce to a better under- 35 
standing, reference may first be made to Fig. 

3 which illustrates another special use and 
in which S is a piston fixed to a shaft 9 and 
fitting freely in a cylinder 10. The latter is 
closed at both ends by flanged heads 11 and 90' 
12 having sleeves or stuffing boxes 13 and 14 
for the shaft. Connection between the two 
compartments, 15 and 16, of the cylinder is 
established through a valvular conduit aud 
each of the heads is similarly equipped. 86 
F'or the sake of simplicity these devices are 
diagrammaticallv shown, the solid arrowg 
indicating the direction of undisturbed flow. 

An extension of the shaft 9 carries a second 
piston IT accurately ground to and sliding 100 
easily in a cylinder 18 closed at the ends by 
plates and sleeves as usual. Both piston 
and cylinder are provided with inlet and 
outlet ports marked. respectively, TJ and ‘20. 

- This arrangement is familiar, being repre- 106 
sentative of a prime mover of my invention, 
termed ‘‘mechanical oscillator' 1 , with which 
it is practicable to vibrate a system of con- 
siderable weight many thousand times per 
minute. 110 

Suppose now that such rapid oscillations 
are imparted by this or other means to the 
piston 8. Bearing in mind the proceeding, 
the operation of the apparatus will be un- 
derstood at a glance. While moving in the 115 
direction of the solid arrow, from 12 to 11. 

• the piston 8 will compress the air or other 
medium in the compartment 16 and expel it 
from the same, the devices in the piston and 
head 11 acting, respectively, as closed and 120 
open valves. During the movement of the 
piston in the opposite direction, from 11 to 
12, the medium which has meanwhile filled 
the chamber 15 will be transferred to com- 
partment 16, egress being prevented bv the 12* 
device in head 12 and that in the piston al- 
lowing free passage. These processes will 
be repeated in very quick succession. If the 
nippies 4 and 5 are put in communication 
with independent reservoirs, the oscilla- 13o 
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Uons of the piston 8 will result in a compres- 
sion of the air at 4 and rarefaction of tho 
same at 3. Obviously, the valvular chan- 
nels being turned tho other way, as indi- 
5 cntcu by dotted lines in the lower part of 
the figure, the opposite will take place. The 
devices in tho piston have been shown merely 
by way of suggestion and cun l>e dispensed 
with. Kiich of the chambers 15 and lb be- 
10 ing connected to two conduits as illustrated, 
the vibrations of a solid piston as H will 
jmve the same effect and the machine will 
then be a double acting pump or compressor. 
It. is likewise unessential that the medium 
15 should be admitted to the cylinder through 
such devices for in certain instances ports, 
alternately closed and opened by the piston, 
may serve the purpose. As a matter of 
course, this novel method of propelling’ fluid j 
20 am be extended to multistage working in 
which cose a number of pistons will be em- 
ployed. preferably on the same shaft and of 
different diameters in conformity with weil 
established principles of mechanical design. 
25 In this way any desired ratio of compres- 
sion or degree of rarefaction may be at- 
tained. 

Fig. 4 exemplifies a particularly valuable 
application of the invention to which re.fer- 
30 ence has been made above. Tho drawing 
shows in vertical cross section a turbine 
wliich may be of any typo but is in this in- 
stance one invonted and described by me and 
supposed to be familiar to engineers. Suffice 
it to state that tho rotor l 21 of tho same is com- 
posed of fiat plates which arc set in motion 
through the adhesive and viscous action of 
the working fluid, entering the system tan- 
gential 3 v ftt the periphery and leaving it at 

4 0 the center. Such a machine is a thermo- . 

dynamic transformer of an activity surpass- 
ing by fur that of any other prime mover, 
it lxbng demonstrated in practice that each 
single disk of the rotor is capable of ner- 
45 fornbng as much work as a whole bucket* 
wheel. Besides, a number of other advan- 
tages, equally important, make it especially 
adapted for operation as an internal combus- 
tion motor. This may be done in many 
60 way*, but the simplest and most direct plan 
of wliich I am aware is the one illustrated 
heii*. Referring again to the drawing, the 
upper part of the turbine casing 22 has bolt- 
ed to it a separate casting 25, the central 
55 cavity 24 of which forms the combustion 
chamber. To prevent injury through exces- 
sive heating u jacket 25 may be used, or eUe. 
water injected, and when these means are 
objectionable recourse may be had to air 
flO cooling, this all the more raadilv ns very 
high temperatures are practicable. The top 
of casting 23 is closed by a plate 24 with a 
sparking or hot wire plug 27 and in its sides 
are sc rawed two valvular conduits com muni- 

05 eating with tho central chamber 24. One of 


these is, normally, open, to the atmosphere 
whilo the other connects to a source ot fuel 
supply as a gas main 28. The bottom of 
the combustion chamber terminates in a suit- 
able nozzle 28 which consists of separate :o 
piece of heat resisting material. To regulate 
the influx of the explosion constituents and 
secure the proper mixture the air and gu9 
conduits are equipped, respectively, with 
valves 30 and 31. The exhaust openings 75 
32 of the rotor should be in communication 
with a ventilator, preferably carried on the 
same shaft and of any suitable construction. 

Its use, however, while advantageous, is nut 
indispensable the suction produced by the 80 
turbine rotor itself being, in some cases at 
least, sufficient to insure proper working. 
This detail is omitted from the drawing as 
unessential' to the understanding. 

But a few words will be needed to make 86 
clear tho mode of operation. Tho air valve 30 
being open, and sparking established across 
terminals 27, the gas is tinned on slowly un- 
til the mixture in the chamber 24 reaches the 
critical state and is ignited. Both the con- 90 
duits behaving, with respect to efHux, as 
closed valves, the products of combustion 
rush out through the nozzle 29 acquiring still 
greater velocity by expansion and, impart- 
ing their momentum to the rotor 21, start it 05 
from rest. Upon the subsidence of the ex- 
plosion the pressure in the chamber sinks 
below the atmospheric owing to the pump- 
ing action of the rotor or ventilator and new 
air and gas is permitted to enter, cleaning 100 
the cavity and channels- ilnd making up a 
fresh mixture which is detonated as liefore, 
and so on, the successive impulses of the 
working fluid producing an almost con- 
tinuous rotary effort. After a short lapse of 105 
time the clmmlier becomes heated to such a 
degree that the ignition device may be shut 
off without disturbing the established regime- 
This manner of starting the turbine involves 
the employment of an unduly large combus- uo 
tion chamber which is not commendable from 
the economic point of view, for not only doe* 
it entail increased heat losses hut the ex- 
plosions cannot be made to follow one an- 
other with such rapidity as would be desir- 2 15 
able to insure the best valvular action. 
When the chamber is small un auxiliary’ 
means for starting, as compressed air, may 
he resorted to and a very quick succession 
of explosions can then i>e obtained. The 120 
frequency will be tho greater the stronger 
the suction, and may, under certain condi- 
tions. reach hundreds and even thousands 
per second. It scarcely need be stated that 
instead of one several explosion chambers 
mav ho used for cooling purposes and also 
to increase the. number of active pulses and 
the output of the machine. 

Apparatus as illustrated in Fig. 4 pre- 
sents tiie advantages of extreme simplicity, inn 
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ctliOil j j ru‘.s.s and ivl iabi li» y, there being tm 
compressoi , buckets nr troublesome valve 
mociiivii i>nt i. It ul. so permits, with tin* addi- 
tion of certain well -known ureessories, the 
0 u*o of uny l<iin I of fuel and thus meets the 
pressing uercssily of u self-contained, pow* 
rrful, light ami compact. internal eombiis- 
tion motor for general work. When the at- 
tainment of the. highest effiritmrv in the chief 
to object, as in machines of large size. tin* ex : 
plosive constituents w;l! 1m supplied limit* r 
high pressure ami provision made for main- 
taming a vacuum at the exhaust. Such ar- 
rangements are quite familiar and lend 
iy themselves so easily to this improvement that 
an. enlargement on tins subject is deemed 
unnecessary. 

The foregoing description will readily 
to experts modifications lx/th us 
'JO regards eonstruction and. upphentioii of the 
device and T dm not wish to limit myself in 
these respects, d'iie broad underlying idea 
of the invention is to permit the fire pas- 
sage of a fluid through n channel the di- 
Zj lotion of the flow and to prevent its return 
through friction ami mass resistance, thus 
enabling the i>erformana\ of valve functions 
without any moving pails and thereby ex- 
tending the scope and Usefulness of im im. 
30 menso variety of mechanical appliances. 

I do not claim the methyls of and appara- 
tus for the propulsion of fluids and thermo- 
dynamic transformation of energy herein 
disclosed, as these will l>c made subjects of 
35 separate applications. 

I am aware that asymmetrical conduits 
have been constructed and their use pro- 
posed in connection with engines, but these 
have no similarity either m their construe- 
tion orf manner of employment with my 
valvular conduit. They were incapable of 
acting as valves proper, for the fluid was 
merely arrested in pockets and deflected 
through tliis result having at l>est only 
4 5 25% of tlio efficiency attained in the con- 
st ruction herein described. In the conduit 
I have designed the fluid, ns stated above, 
is deflected in each cycle through 300°, and 
a co-efficient approximating ‘200 can be ob- 
* 0 rained so that the device acts as a slightly 
hulking valve, and for that reason the term 
‘‘valvular” has been given to it in contrast 
to ^symmetrical conduits, as heretofore pro- 
posed, which were not valvular in ration, 
63 out merely asymmetrical as to resistance. 

Furthermore, tho conduits heretofore con- 
structed were intended to be used in coanec 
tion with slowly n-ei proeating nmchiiiCH, in 
vvidch. Case enormoits-conduit-length would 
‘‘o t>o necessary, aii this rendering them devoid 
of practical value. By the use. of an effective 
valvular conduit, as herein described, ami 
the employment of pulses of very high fre- 
quency, I am able to condense my appa- 
<55 rat us and socuro mch perfect action an to 


dispense Miccr-Ssfully with valves m nmnor 
ous forms of run procating and ruiary en- 
gines. 

The high efficiency of the device, irre- 
spective of tho character of tho pulses, is -»o 
duo to two causes; first, rapid reversal of 
direction of flow and, second, great relative 
velocity of tho colliding fluid columns. As 
will be readily seen each bucket cause* a 
deviation through an angle of 180°, and an- 75 
other change of 180° occurs in each of tho 
-spaces between two adjacent buckets. VThat 
is to say, from the time the fluid enters or 
leaves one of tho recesses to its passage into, 
or exit from, the one following a com plot? v 
cycle, or deflection through 3U0 C , is cfTixAed. 
(jl>servo now that the velocity is but-slightly 
reduced in tho reversal m> that tlm incom- 
ing and deflected fluid columns meet with a 
relative speed, twice that of the flow, and $5 
the energy of their impact is four times 
greater than with a deflection of only 00°, 
ils might bo obtained with pockets such as 
have boon employed in asymmetrical con- 
duits for various purposes. Tim fact is, uo 
however, that in these such dofloctiou is not 
secuml, the pockets remaining filled with 
comparatively quiescent fluid and tho latter 
following a winding path of least resist- 
ance. U*. tween tho obstacles interposed. In j , 
stub conduits the action cannot bo charac- 
terized as “valvular” because some of the 
fluid can pass almost unimpeded in a di na- 
tion opposite to tho normal flow. In my 
construction, a* al>ove indicated, the resist 100 
unco in the reverse may bo 200 time* that in 
i he normal direction. Owing to this a com- 
paratively very small number of buckets or 
elements is required for chocking the fluid. 

To give u concrete idea, suppose that tho m D 
leak from tho first element is represented 

by tr\o traction then after the nth bucket 

is traversed, only a quantity will «*- n ,. 

cape and it is evident that X need not be a 
large .number to secure a nearly perfect 
valvular action. 

TV hat I claim is: 

A valvular conduit having intenor Ho 
walls of such conformation as to permit tho 
free passage of fluid through it in tho direc- 
tion of flow but to subject it to rapid re- 
veisals of direction when impelled in tlo 
opposite sense and thereby to prevent its uo 
return by friction and mass resistance. 

2. A valvular conduit composed or a 
(dosed passageway having recesses in its 
walls so formed as to permit a fluid to puss 
freely through it in tho direction of flow, 125 
but to subject it to rapid reversals of direc- 
tion when impelled in nn opposite sense and 
thereby interpaso friction and mass resist- 
ance to the return passage of tho same. 

3. A valvular conduit composed of a tuoo 
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m* passageway with rigid interior walls 
formed with a series of recesses or pockets 
with surfaces that reverse a fluid tending 
to How in one direction therein and thereby 
5 check or prevent flow of the fluid in that 
direction. 

4. A valvular conduit with rigid interior 
walls of -,uch character as to offer substan- 
tially no obstacle to the passage through it 

10 of fluid impulses in one direction, but to 
subject the fluid to rapid reversals of direc- 
tion and thereby oppose and check impulses 
in the opposite sense. 

5. A valvular conduit with rigid interior 
15 \val Is formed to permit fluid impulses under 

pressure to pass freely through it in one 
direction, but to subject them to rapid re 


versals of direction through 360° and there- 
by check their progress when impelled in 
tile opposite sense. 20 

A valvular conduit with rigid interior 
walls which permit fluid impulses to flow 
through it freely in one direction, formed at 
a plurality of points to reverse such fluid 
impulses when impelled in the opposite di- 25 
rection and check their flow. 

7. A valvular conduit with rigid interior 
walls having pockets or recesses, and trans- 
versely inclined intermediate baffles to per- 
mit the free passage of fluid impulses in one 30 
direction but. to deflect and check them when 
impelled in the opposite direction. 

In testimony whereof I affix my signature 

NIKOLA "TESLA. 
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The invention relates to fluid lines for 
inducting gaseous or liquid fluid and has 
for its object to establish a practically uni- 
directional flow in such a line in a very sim- 
5 pie and efficient manner without using any 
movable parts. 

Check valves built into a line permit a 
flow in only one direction, but these mecha- 
nisms share the disadvantage incidental to 
10 moving parts— liability of becoming clogged, 
damaged or partly destroyed by the fluid 
passing through — and are therefore apt to 
come out ox order. 

There is also the danger of a hammering 
action, the sudden closure causing frequently 
an undue increase of pressure in the line. In 
some cases especially when conducting a fluid 
of light weight under a small head — gases — 
it proves quite a difficult problem to provide 
20 a check valve working satisfactorily at all. 

According to my invention I impose a 
great resistance to a flow in one direction 
while the flow in the opposite direction is 
practically not restricted. For this purpose 
p - 3 I provide a direct path for the fluid flowing- 
in one direction and conduct the fluid 
through a circular or partly circular course 
when flowing in the opposite direction. ^ I 
furthermore arrange the intake closer to the 
30 center of this circular path than the outlet 
and locate the latter preferably tangential 
to the circular course. The ratio of resistance 
in one direction to the resistance in the oppo- 
site direction may be varied in wide limits 
n5 according to requirements. 

The above and various other improvements 
will be hereinafter fully described and 
claimed. In order that this my invention 
i0 may be more readily understood reference is 
made to the accompanying sheet of draw- 
ings which show how the invention may be 
carried into practical effect. 

Fig. 1 shows a device according to my in- 
45- vention in section. 

Fig. 2 is a section taken on line II — II 
of Figure 1. 

Fig. 3 is a section taken on line III — III 
of Figure 1. 

V’d Fig. 4 is a modification in diagrammatic 


LINES 

365,753, and in Germany June 11, 1928. 

form of the device shown in the Figures 
1 and 2. 

The normal direction of flow is indi- 
cated by arrows on the drawings. A hous- 
ing 1 of approximately circular or spiral 55 
cross section is provided with a threaded 
opening 2 into which the inlet 3 is screwed. 

A tangential outlet 4 is part of the housing. 

The outlet 4 is preferably made with a 
gradually increasing cross section. The in- nn 
let 3 is also provided with a cross section 
gradually increasing in the direction of the 
flow. The ends of the inlet and outlet are 
threaded at 5 and 6 for building the device 
conveniently into a fluid line. n;> 

With a device' dimensioned aproximately 
in scale to the Figures 1 and 2 the resistance 
against fluid passing through in the direc- 
tion of the arrows is less than the resistance 
offered by an ordinary check valve while 70 
fluid passing through in the opposite direc- 
tion finds a vastly (in the present case 
about 35 times) greater resistance. This is 
due to the circular whirl being formed by 
the fluid, when passing through in a dircc- 7o 
tjoii opposite to the arrows the resulting 
centrifugal forces causing a considerable 
difference of pressure in the two connections 
3 and 4. In order to facilitate the forming 
of a : whirl a ring shaped projection 7 of the so 
inlet 3 and a circular shoulder 8 of the hous- 
ing 1 protrude from opposite sides into the 
chamber giving the latter the shape of an 
annular ring with the outlet branching 
tangentially therefrom. The velocity of the 
flukl'in the whirl is influenced by the tan- 
genital connection 4 being formed as a noz- 
zle. 

In order to prevent a turbulent flow of 
the fluid when .streaming in a direction op- 
posite to the arrows on the drawings there 
is provided a stabilizing plate 9 placed in 
grooves of the central connection 3 (see 
Fig* 3) . 95 

The arrangement shown diagrammati- 
cal ly in Figure 4 provides an inlet 10 
branching into two lines 11 and 12 entering 
axially from opposite sides into the housing 
13. This housiug 13 and the outlet 14 may j 0 o 
be the same as the housing 1 and the outlet 
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4 described before. This arrangement per- let and theiice to the fluid line, so that if fluid 
mits the use of a smaller size of inlet where- attempts to flow in said line in a reverse di- 
by the resistance against a flow in a direction rection it will enter said chamber by said 
opposite to the arrows may be greatly in- tangential outlet and will be caused thereby 
5 creased. to rotate in said chamber to produce substan- 

It is furthermore immaterial whether a tial impediment to such reverse flow, 
single or a plurality of outlets are em- In testimony whereof I hereunto affix my 
ployed. Having now fully explained my signature. 

invention I do not wish to be understood as DIETER THOMA. 

10 limiting myself to the exact details of con- 
struction nor to the particular applications 
shown, as obviously many modifications 
will occur to a person skilled in the art. 

What I claim is: 

15 1. A device for resisting reverse flow in 

fluid lines, comprising a housing contain- 
ing a chamber of approximately circular 
shape, said chamber being free from vanes 
and substantially unobstructed, an inlet 
20 close to the center of said chamber, an out- 
let approximately tangential to said cham- 
ber, so that fluid flowing in through said 
inlet may flow directly and with low re- 
sistance to and through said outlet and so 
25 that fluid flowing in through said outlet in 
a reverse direction will rotate in said cham- 
ber and encounter substantial resistance to 
such reverse flow, and guiding means builr 
into said inlet for preventing a turbulent 
30 movement of the fluid in case of a flow op- 
posite to the normal direction. 

2 . A device for resisting reverse flow in 
fluid lines, comprising; walls forming a 
chamber having a thicker annular portion 
35 and a thinner central portion, said chamber 
being free from vanes and substantially un- 
obstructed, an inlet connection leading to 
said central portion, and an outlet connec- 
tion leading in a generally tangential direc- 
tion from said annular portion, so that fluid 
entering said chamber from said inlet con- 
nection may flow substantially directly and 
with relatively low resistance to said outlet 
connection and so that fluid entering from 
5 said outlet connection will be caused to 
whirl in said chamber and may flow to said 
inlet connection only with relatively high 
resistance. 
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50 ^ ie me ^ 10c *- retarding reverse flow 

which comprises interposing a chamber in a 115 

fluid Hue, ^ causing fluid flowing in one direc- 
tion in said line to flow substantially directly 
and unimpededly through said chamber, and 
causing fluid flowing in the opposite direc- 
tion to whirl in said chamber with substan- 3 20 

tial rotary movement to impede reverse flow 
to a substantial extent. 

4. The method of retarding reverse flow 
which comprises interposing in a fluid line 

60 a rounded chamber, introducing fluid flow- ' 125 

ing in one direction in the fluid line into the 
chamber substantially centrally thereof, and 
causing the introduced fluid to flow substan- 
tially directly and unimpededly through 
65 said chamber to substantially tangential out- 
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niANSACTIONR OF THE MUN'ICII IIVDUAPUC INSTITt’TK gfj //e-fr'/f fi/6, $ 

An Investigation of the Thoma 
Counterflow Brake 

By RICHARD HEIM 1 


Translated i*v Mouuougii P. O’Brien 2 


C HECK valves ol the usual 13 'pc are unsatisfactory tor 
many conditions, since they may fail completely at tins 
instant, of operation becaus of sticking, or close too 
quickly, causing water hammer. device having no moving 
parts and showing very different x Lances in the two directions 
of flow would offer great advantage , although naturally it could 
nut fully prevent the back flow. Prof. D. Thoma has suggested 
:m apparatus, ‘‘the counterflow brake,” consisting of a spiral 
vortex chamber with tangential and axial connections (Pig. 1 ). 
Because of the tangential approach of the water and the re- 
sulting vortex, the apparatus has a great resistance in this di- 
rection of flow (solid arrows in Fig. 1 ), while the flow in the 
opposite direction (broken arrows in Fig. 1 ) encounters a far 
smaller resistance. 

Since the characteristics of the flow in the direction of greatest 
resistance arc most interesting in these investigations, we will, 
in the following discussion, regardless of the fact that flow oc- 
curs iu the opposite direction in this valve, refer to the tangential 
connection as the supply line and the axial connection as the 
discharge line. 


.SCOFF or TUB WOK K 

The particular scope of this work was to investigate the manner 
ot flow and the pressure distribution with the suggested counter* 
tlow brake, employing the usual hydraulic methods of measure- 
ment, and to experiment on its operation with the alteration iu 
design suggested by Prof. D. Thoma, so as to work out the most 
serviceable form of the valve fur the purpose and to develop 
several practical types and define their range of application. 

BOXSIDBKATIOX OB T11B MANNER OB BLOW IX TUB 
.SPIRAL VORTEX CHAMBER 

6 o as to obtain a visual picture of the maimer of flow within 
the spiral casing, the apparatus shown iu Fig. 2 was cut from 
ihy pattei u wood and fastened together by screw’s and glue; 
the joints were filled with putty and painted over with lacquer. 
The cover over the glass plate could be removed so that it would 
not he cracked by warping between experimental periods. A 
Hosed, wooden supply pipe, 3 m. in length, was inserted into 
the spiral casing and then made watertight, thus insuring a 
smooth transition from the straight channel. At u, a bronze 
nozzle on which the discharge pipe could be screwed was inserted 
into the wood. 

An interesting phenomenon appeared during flow' through 
the channel; at the center of the vortex, a space devoid of waiter 
tunned directly over the discharge opening and extended close 
up to the glass plate and down into the discharge pipe. This 
cavity had approximately the slmpe sketched in Fig. 3. A phoLo- 

1 Koln, Germany. Formerly graduate student assistant at the 
Munich Hydraulic Institute. This paper is the thesis submitted by 
Dr. Heim for his doctor’s degree. 

2 Associate Professor of Mechanical Engineering, University of 
i 'alifornia. Berkeley, Calif. John It. Freeman Scholar, A S (' E 
1U27 -U)l\S. Assoc-Mem. A.S.M.E. 


graphic record ol this phenomenon was not possible because of 
tlte difficult lighting conditions. 

An attempt was made to prevent the occurrence of this cavity 
by arranging the apparatus with the discharge pipe directed 
vertically upward, but this change was without effect. A tem- 
porary closure of the discharge pipe did not alter the conditions 
in the spiral. 

1 he volume devoid of water must be regarded as a Vacuum, 
or better, as a volume sparsely filled with air derived bum the 
water and water vapor; the decrease iu pressure within the 
spiral is so great that the pre.-nre, at the center of the ^>ii;d. 
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Fills even as low as the vapor pressure, if the entrance vclucitv 
of the water is sufficiently high, {(.‘suiting iu “cavitation." 

Attempts at determining the streamlines with woolen .-tiing.-' 
tailed because the streamers became tangled and hung down 
into the discharge pipe without indicating the path*. The intro- 
duction of sawdust was difficult and unsuccessful as was true 
of potassium permanganate; the sawdust and coloring, which 
diffused too quickly, appeared as clouds in the bottom opening 
but did nut clearly show the individual streamlines. 

A mixture of tetralin and chloroform highly colored with indigo 
was found to he very satisfactory for indicating the streamliner 
in closed channels of high velocities, since- this oily mixture dues 
not dissolve in water. The ingredients ware compounded in 
such a manner that, the mixture bad a specific gravity equal to 
that of water. The mixture was inserted through a nozzle at 
b (Fig. 2) and formed small drops about 1 to 2 mm. in diaim-ter, 
which (dearly showed the flow over tin- entire height of the cham- 
ber. The incoming water (Fig. -1) follow r the guiding wall of 
the spiral and flows in toward the discharge opening with ever 
increasing angular velocity. I: was observed that drops of the 
colored mixture which were injected approached the discharge 
opening at a steady rate and then remained rotating iu the 
vicinity of the opening for some time without altering their 






distance from the center of the vortex*. They then sprang out- 
ward to about, halfway between the center and wall of the spiral 
and finally, after a very long time, were carried downward. 
In Fig. 4, the path of a small drop is shown by a dotted line; 
the shaded area represents the cavity at the center of spiral. 




from the discharge opening by the rapidly increasing centrifugal 
forces. In this manner, there arises centrifugal eddy flow in 
the vicinity of the top and bottom and centripetal flow at the 
mid-point between them. 

That the layers near the top and bottom, which arc impeded 
in their rotational velocity, are strongly driven toward the dis- 
charge pipe can be clearly observed at low velocities of the ap- 
proaching stream. By means of crystals of potassium perman- 
ganate strewn over the bottom of the spiral, the currents in the 
bottom layer can he separated from the layers in the interior of 
the chamber, for velocities which do not remove the crystals 
instantly. It was shown by this method that the bottom layers 
flow toward the discharge opening in star-shaped path? as ap- 
pears in Fig. 5, while the upper layers exhibit the same stream- 
lines as are shown in Fig. 4. However, no cavity was formed 
in this experiment. 

When the wooden apparatus was constructed, no thought 
was given to its applicability for higher pressures and the wooden 
construction quickly became leaky because of the pressure and 
warping and was unfit for quantitative measurements. An 
apparatus similar to this one in principle wa- constructed of 
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Fio. 2 

Ufnlzrlr.rkr} - wnmlcn ruvrr pinto; Gn m mnlirhturw « rubber «^a! ; Srhniff. 
~ ^finn; (ihisfilntfr - gin*' plnfe; Einnj ritzflilsr fur Fnrhttnff* = injection 
nozzle for Cfilorinr mntfrr.) 

The sudden backward motion of the individual rotating parti- 
cles in the renter of the vortex permits the conclusion that, 
within the spiral in a plane perpendicular to the plane of the 
principal rotation, there is a kind of secondary eddy, such as is 
shown by the arrows in Fig. 3. Tin? layers of water adjacent 
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to the upper and lower sides experience a braking effect, due 
to the skin friction, and the resulting reduction in the centrifu- 
gal force causes a flow toward the center of the vortex. The 
fluid particles then flow around the vortex until caught by the 
faster moving layers farther from the walls and are moved away 


brass plates and sheet, metal. An exact description will be 
given later. In order to clarify the nature of the cavity at the 
renter of the spiral casing, this brass spiral was arranged as is 
shown in Fig. 6. A glass tube about 800 mm. long was placed 
between the spiral and a tank 300 mm. high and 500 mm. in 
diameter. At a supply pressure in the tangential pipe of 17 
m. of water, determined by the head-control tank, the entire 
content of the upp^r tank usually started to rotate during the 

initiation of flow, so that a 
t free surface vortex formed, 

previous to the use of a float, 
through which air could be 
slicked into the spiral. By 
using a float, the intake of 
air was prevented and the 
phenomenon sketched in 
Fig. 6 was evident. Cavities 
of this form were evident in 
the glass tube in steady up- 
ward and downward motion, 
alternately changing from 
being drawn downward by 
the vacuum to being moved 
upward by buoyancy. 

At a (Fig. fi), a hole was 
drilled for the measurement of static pressure. If this hole was 
opened, so much air was drawn through it. that the glass 
tube quickly appeared to be filled with air and only a very 
thin surface layer of water spiraled up to the tank. After the 
hole was closed, this air column dropped hack and formed an 
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uir pocket which occupied half of the clear distance between 
the spiral casing and the tank. The cavity retained this 
strength. Wooden sticks of any size introduced into the glass 
tube fiOin above woie diawn downward and held by the vacuum. 
l)ui ing all of these measurements, the discharge, as given ap- 
proximately by stop-watch and scales, did not change ap- 
preciably with varying supply pressure. 

Fig. 7 shows a photograph of the development of cavitation 
from its initial condition to full strength in the form of a twisted 
column. If the gate valve before the spiral was opened sud- 
denly and the velocity of the flow increased as rapidly as pos- 
sible, carefully preventing the introduction of air at a as well 
as from the chamber, the water column in the glass tube re- 
mained elcai for a short time and then suddenly became milky 
with a cloud of small bubbles of air liberated from the w ter. 
These bubbles formed simultaneously immediately abov the 
axial outlet of the spiral and below the tank (Fig. 6), / r a 

fraction of a second, the fine mist in the tube collected n. j a 
streak in the center which connected the distinct fog above 
the spit al and below the tank. After another two seconds, 
the general appearance was as is shown in Fig. 7, Photograph l. 
The spindle-shaped vacuum was drawn slowly upward with an 
occasional backward motion, and it was evident that in the 
vicinity uf the axis only very slight axial velocities occurred. 
After 30 see., the cavity had taken on the form shown in Photo- 
giuph I he last pietuie (3) illustrates the steady condition 
attained one minute after the valve had been fully opened. 

INSCRIPTION OF THE EXPERIMENTAL EQUIPMENT 

The greater durability and tightness of the new metal spiral 
permitted higher velocities and the use of pressures up to 6 at- 
mospheres. This apparatus was so arranged as to permit changes 
in construction without great difficulty. Fig. 8 shows the com- 
plete apparatus to scale as it was used in the experiments to be 
described. It Was constructed of l‘/ 2 -in. gas pipe and fittings. 
By various arrangements of the valves 1 to 4, the water entering at 


u and discharging into the weighing tank at 6 could be directed 
through the spiral vortex chamber in either of the two direc- 
tions of flow. 



PlO. 


0 


(*<:</ Jem II itchwim/iunilt a lirttt 

.Mil-face; mr H 'ayt « to scales ; Gla*r„hr - 
Vortex chamber; vum Huchbt finite r = ft 


- plank floating on water 
Kla.^s tube; Spiral t — spiral 
win brad -control tank .) 


I he experimental apparatus w as placed in the basement of 
the laboratory and was under a head of 17 in. provided by the 
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Jir.'iil-rnnf ml l:mk. I hr wafer surface in the head control was 
Ih'M almost constant h y n proper supply and :m overfall. A 
connorl ion to the city water supply gave a static pressure of 
4 nr 5 at mnspheres, Ihi! considerable and frequent variations 
of props uro omim-.l in this line, and the measurements carried 




out with flip fit v pressure served only ns an appmxirnaf o measure- 
ment in n certain series of experiments dosrrihofl later. 

Above thn spiral rasing, n stilling chamber was inserted (Fig. 
9), containing 2 sheet-metal plat os with fi-mm. perforations 
separated by 21 pipes, 150 nun. long and having an internal 
diamotor of om; inch (Sliding Chnmbrr No. 1). In place of this 


stilling chamber, a group of pipes, as shown in Fig. 10, was used 
later (Stilling Chamber No. 2). 

These stilling chambers were used to guide the water, which 
leaves the spiral easing with a whirling component of flow, into 
parallel paths and to insure a correct measurement of the static 
pressure. The method of setting up tin- spiral easing and the 
sidling chambers appears in Figs. 11 and 12. 

Df;S( 1? I FT I ON OF TIIF SPIRAL VORTEX ( TIAMPFR 

Two vortex chambers of different sizes, having outlines follow- 
ing a logarithmic spiral, were constructed of brass. The side 
walls of the larger spiral (Fig. 13) consisted of plate brass, 1 
mm. thick, bent to follow the logarithmic spiral and held by a 
number of small metal screws. The cracks between bottom, 
fop, and side walls were made watertight by means of red lead 
and gypsum. Different throat pieces cut from hard rubber 
could be inserted into the rectangular brass supply pipe at b. 
Those pieces were polished and the hear! was recessed to pro- 
ject over the end of the supply pipe. By inserting brass shims, 
it was possible to set these throat pieces exactly and easily and 
to check them at the end of the experiment. The design was 
such that, sudden expansions and contractions of the flow were 
eliminated. The axial discharge pipe was threaded so that 
it could be screwed down into {lie spiral casing. 

The smaller vortex chamber (Fig. 14) was made from a single 
piece of brass, and the bottom and spiral wall were fitted with 
a flaring nozzle which held the reducer and nozzle bodv. A 
brass plate 10 rum. thick was used ns a cover plate and screwed 
in place; in this plate, also, a pipe with n fine thread was inserted 
at right angles so that it could be moved to any desired depth 
in the cavity. The two nozzles used with this spiral formed 
a gradual transition from the 38-mm. eireular supply pipe to a 
rectangular section, 24 by 38 mm. or 20 by 3S mm. From tin's 
section, the flow was further constricted by a series of interchange- 
able reducers (Fig. 14) to an entrance area 20 by 38 mm. or 10 
by 38 mm. Also, in the ease of this spiral, an impart Tree transi- 
tion from the tangential supply line to the vortex chamber was 
obtained. 

CONDUCT OF Tin: EXPERIMENTS 

Time and water measurements in the experiments were made 
with a stop-watch with double hands and with scales. The 
starting error of the watch was eliminated bv using the two 
hands, and the error due to the sluggishness of the scab's was 
eliminated by proper procedure in weighing. The time ranged 
from 30 to 00 sec., and the measuring basin held 150 liters. The 
necessary pressure measurements were made bv means of a 
mercury differential manometer. For the experiments using 
the city water mains, capillary tubes 0.25 mm. in diameter were 
used to damp out the violent oscillations of the mercury. The 
point of connection of the manometers will be stated in the dis- 
cussion of the individual experiments. 

SOURCES OF ERROR 

The error in the measurement of the time depended upon the 
observer and amounted to about 0.5 sec., which introduced an 
error in the rate of discharge of from 0.5 to 1.0 per cent. The 
sensitivity of the scales gave an error in the weight of less than 
0.05 per cent. 

The height of the meniscus of the mercury was estimated to 
the nearest 0.5 mm.; this procedure gave a possible error of 1 
mm. for the tu r o legs and resulted in an observational error of 
1 per cent for a differential head of 10 cm. The preponderance 







The only errors of any influence arc those in the pressure 
and time measurement s. The maximum values given are not 
in general additive, since, for low wafer velocities and small 
pressure differences, the error in the pressure measurement is 
of influence hut that in the time is scarcely important because 
of the long time of weighing; (he converse is true for higher 
velocities and greater pressure differences. 



I he conditions became unsatisfactory with the development 
of pressure variations, which were limited, however, to a small 
number of experiments. 

The accuracy attained was sufficient for the purpose of the 
experiments. 

COMPUTATION' AND P R.KS ENTATI0N OF EXPERIMENTAL 
RESULTS 

The differential head measured by the manometer had to be 
corrected by the velocity head (which is additive or subtractive, 



according to the direction of flow) in order to determine the 
loss of head in the spiral vortex chambers. The pressure was 
always measured where it was permissible to assume that eddy 
motion had been eliminated; the velocity head at these points 
was based upon the mean velocity, v = Q/F. 

The segregation of the loss in the spiral vortex chamber into 
its various component losses, such ns those in the baffles and in 



the pipe lines, appeared undesirable, since an estimate of the 
friction loss under the different conditions of flow was difficult 
to make. The losses which are given in subsequent paragraphs 
include the friction loss in the relatively short pipe between 
the points of measurement and in the stilling chamber. In 
only a few exceptional instances is the loss in the guide vanes 
(1 Yirbclzcrstorcr) included in the resistance coefficient in place 
of that in the stilling chamber. 

In conducting the experiments, guide vanes or similar appara- 
tus were always used to eliminate the eddying motion and to 
make sure of reliable pressure measurements. Considering also 
the practical application of the apparatus, it was necessary to 
develop a design wlii ch would not discharge water, having a 
strong rotational component, since the law governing the re- 
sistance for this type of flow is not known. A design giving 
a whirling discharge would therefore be open to the criticism of 
being uncertain in its operation. 

1 he arrangement of the two stilling devices is shown schemati- 
cally in Figs. 15a, 15b, 16a, and 16b. A more complete descrip- 
tion has been given previously (see page 16 and Figs. 0 and 10 
on page 17). 

In the following discussion, r, and v 2 denote the velocities at 
the corresponding points of measurement (Figs. 15a to 16b), 
while v 0 indicates the corresponding velocity in a 38-mm. pipe. 
For the direction of flow in Figs. 15a and 16a, the loss is given by 

//. = h X ,2.6 - 4- ^ 

2(7 2(7 

and for Figs. 15b and 16b the loss is 

IK. = h X 12.0 + - — - 

2 0 2g 

In the stilling chamber (Figs. 15a and 15b), the velocity head 
at t ho point 1 is so small that r^/2g can be neglected without 
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affecting the accuracy of the experiments. The formulas may 
then be simplified to 

II w — h X 12.0 -- (axial approach) 


,, z 

II u, — k X 12.G -j- ~~ (tangential approach) 



( .1 iofii/tti a dt'r Mctastclltn vom SinraUn millet in mm. = distance a from 
cmUt-r of spiral vortex chamber in mm.; )Vu*»crsdule ~ head of water.) 

1 ho loss in the spiral casing is represented by curves in which 
it is plotted against the velocity head in the 3S-mm. supply pipe 
tV'Ay Approximately 15 different velocities were used in each 
experiment. The graphs permitted the correction or elimina- 
tion of scattered points resulting from experimental or numeri- 
cal errors. 

For most of the experiments, //«, was proportional to v 2 /2g, 
at least over a large range, and it is possible to represent the re- 
sults of these experiments for both directions of flow by a coefficient 
of resistance, 

Hu, 

* Vo ~/2g 

vj* 

"here -- = velocity head in a 38-inm. pine. 

2 (J 

1* rom these values of a mean value was obtained and tabu- 
lated. The resistance coefficient for the direction of flow giv- 
ing a high resistance will be indicated as ft, and the value corre- 
sponding to the other direction by £* 2 . 


The ratio of the resistance coefficients ib/fr will no referred 
to as the “efficiency" in the following discussion. 

SCOPE OF THE EXPERIMENTS 

An explanation of the work and the results may be preceded 
by a brief summary of the experimental work. 

1 Series I considered the variation of pressure within the 
larger vortex chamber. 

2 Series II considered the relative efficiencies of the two 
vortex chambers as originally designed. 

3 Series III and IV were conducted to clarify the effect 
of changes in the design of the tangential inlet. 

Experiments I to IV used a large stilling chamber (Stilling 
Chamber No. 1), but in the following experiments the flow was 
straightened out by guides in a 40-mm. pipe (Stilling Chamber 
No. 2). 

4 Alterations in the axial disdain were investigated, using 
the small vortex chamber (Series V A cylindrical pipe was 
first placed so as to project different ..istanees into the cham- 
ber, and then a nozzle-shaped tube, with various types of guide 
vanes (Wirbclzerstorer) was inserted in the axial discharge pipe 
(Series Vf-IX). 

5 Attempts to improve the oj>eration of the valve by chang- 
ing the shape of the vortex chumber were made, lining the small 
vortex chamber (Series X). 

6 Following the experiment with the smaller vortex cham- 
ber, tbe larger chamber was tested with the cylindrical pipe 
carrying the nozzle, fitted with guide vanes, projecting into the 
chamber (Series XI and XII). 

7 A special experiment on the persistence of eddy lnution 
in a long axial discharge pipe was also made (Series Xlll). 

The Puessuue Duor in the Cuamheu (Seuies I) 

Pressure taps were made in the side cover of the large vortex 
chamber at different distances from the center (Fig. 17). These 
taps were attached to a manometer by means of a manifold, 
and the pressure at the various points could be measured by 
opening a pinch-cock. Before each experiment, the pressure 
differences across the spiral and the rate of flow were established. 
These experiments were conducted with nine different velocities 
of approach, and the results are represented in Fig. 18. 

The abscissas are the distances a of the individual points of 
measurement from the center of the vortex chamber (Fig. 17) 


Klein e Spirals 



6 roil e Spiraie 



(Kit in* Spiral* — small spirul vortex chamber; L, bcrminu turn rundtn zum 
rcchtcckiyen Querschnitt = transition from circular to rectangular cross- 
section; Alasinurohr = brass pipe; vivrkant — rectangular; Gaaruhr — gas 
pipe; Grots* Spiraie — lurge spiral vortex cliumhtr.) 




in millimeters, :itul the ordinates are the pressures above at- 
mospheric in millimel ers of water. The rpiantity (r') ? /2<7 is 
the velocity head at. the entranee area (20 by 8S mm.); in addi- 
tion, the rale of flow is shown mi eaeii curve. Al the abscissa 
zero, the pressure at the center of the spiral, ns measured h v a 
special manometer, is given. The euives form a system of mili- 
eu 1 hyperholas, hut in f lie vicinity of the outlet area, al a dis- 
tance of 85 mm. from the center, a deviatimi fiom this law ap- 
pears. 

The pleasure in I lie spiial, neglecting the effect of skin fric- 
tion. and secondary eddies, was computed on Hie assumption 
of constant angular moment inn (r„r — constant). The constant 


Rksistanvk to Know (Skimks II) 

I'or t hese experiments, the mercury differential manometer 
was connected between points 1 and 2, as is shown in Figs. It 
and 12. In Fig. Iffa and b, only the point 2 appears. 

The results are given in the following table; 

Hn lit**' i >f r\ prl inirnf ■* 
in mm. of wnipr 

. fi f* 

Kx-porimcnl fi/fj // „ r-/-7 ft, c r*/-V 

l urRc clm?nl>cr 72.7 8 . 87 18 S 17,000 220 8000 2700 

Sinfill clmmbrr 82 . "» 2 02 ST lO.nOO 402 7000 180r> 

The values given under the heading "Range of Kxpcriincnts" 



I'm. 
n*rnf,i r- 

in this equation was obtained from the average velocity at the 
inlet section, mid the tangential component of flu* velocity 
was then computed for different points in the spiral. The com- 
puted pressure curve appears as a doffed line in Fig. 18. This 
curve falls below tin* actual curve, and the ratio of the theoreti- 
cal value to the actual, in the region of the pressure measure- 
ments (85 to 75 mm. from the center), is 1:1. -I to 1:1.5. 

[n Hie opposite (vort ex-free) direction of flow, the pressure 
difference between a series of pressure taps in the chamber and 
the tap indicated as I in Fig. II, was measured. For this con- 
dition, the pressure drop, below that at 1, was practically con- 
stant from 10 mm. from the center to the walls of the chamber. 

In the vicinity of the tangential outlet, Hie pressure was some- 
what- less, due to the high velocity (Fig. 17, points 1 and 8), 
while the pressures at points 11 and 11, adjacent to the axial 
inlet, were slightly greater. The pressure drop between point I 
and the vortex chamber amounted to 02 per rent of He* total 
drop between I and 2 for the range of head stated. 
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profit n. 


show to what, head loss and velocity in the 88-nun. pipe Hie ex- 
periments wen’ carried. Tt. was found that the values of the 
coefficient f given in tins table, especially those of arc 
valid only so long as no cavitation occurs. This phenomenon 
makes itself especially apparent, at the smallest- section of the 
tangential nozzle for the direction of flow giving the least resist- 
ance and will he taken up more exactly Inter. The cavitation 
limit did not lie within the range of the experiments now being 
discussed. 

If .appears from Hie table that Hie smaller vortex chamber 
presents an appreciably smaller resistance to flow in the direc- 
tion of greatest- resistance than does the larger one; the values 
of the resistance coefficient {y, it will be noted, differ but little 
for the two casings. The ratio of the resistance coefficients for 
the different directions of flow is greater for the larger casing 
and therefore more favorable; this is due only to t ho fact that 
there is a considerably greater value of the coefficient f, for the 
larger casing. 



Ixt-'LUE.NCE in*' THE SuACE O b' THE TaNUENTIAE NozZLE (hV i i's 
Klt-'ECTIVLNE.S.S AS A COUNTEUKLOW liiiAKE (SeUIES III A N|) l\) 
Aiteiation of the tapered throat between the tangential pipe 
ami the chamber promised the greatest possibilities for im- 
proving the operation of the eoimterflow brake. For the large 
spiiul, the throat piece was made of hard rubber, and for the 
Mnall one, rounded metal pieces were used which at the same 
time served to contract the passage (Figs. 20 and 2o). 

It was to 1)0 expected that these altera- 
tions would increase ft, the coefficient for *°°°\ 12 ^ [ 
the direction of greater resistance, since bv Jl A 

constricting the tangential tube just before 10 A 

it enters the chamber, the flow is acceler- " ^ 

ated and the eddy is strengthened. Further, | 

'll was likely that, in the opposite direction 1P00{ 0 

of flow, a low pressure area would occur , | 

beyond the throat in the tangential pipe ^ I 

ami increase the loss. It was hoped that £ 10000 

the* discharge capacity could be increased | < 

in the direction of small resistance by round- § Ik l| 

ing the throat. 5 8000 fr f*- 

The experiments carried out in the larger \ I ^ 

chamber using the head control will be dF- ^ j 

i’Ussetl next (Series II 1). The profiles tested j ~ f j 

are shown in Fig. 20, and the results appear / / 

in Fig. 21 and in the following table, where l] / 

the numbers refer to the profiles. \f j — 

The values of $■. given in the table are If / 

\ahd only so long as cavitation does not / / 

occur. This phenomenon makes itself es- *°°° 
pecially noticeable for the direction of 

.>mall resistance at the narrowest portion ) 

ot the throat ; on the ut her hand, cavitation ^ 

did not affect the value of To deter- 
mine the value of ft without, reference to ( 11 
the clTecl of cavitation, the regulation was 
accomplished by a valve beyond the chamber; thus the pres- 
sure head on the apparatus was equal to the static head of 17.00 
m. diminished by the velocity head, v„/2 y, the measured loss 
//,, and the friction loss in the supply line, which amounted 
to 7.1 t\r/'2(j. 

SKUIKS III LAUGH SlUKAi. VOUTHX ( :ii \ M Hi’ K WITH 
STILLING OllAMUKH No. 1 


A summary wl th.- n-aull.i iinlii::ilt‘it In thv lnl.lt: follow, 

1 A rclnl ivily slight. cuiixtriolion and .'itrcamliiiiiig of tli 
throat, as in l’rotilo 1, causes a great improvi/im-nt in tin; cflioiriuiy 
A greater constriction (Profile •>) did not fulhcr improw; th 
efficiency apprecia bly . 

2 These improvements generally appealed fur all profile 
oidy fur the direction of flow giving a vortex. Because of th 
const j ietiou ot the channel, a coudderable increase in y, n- 
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St 
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«**/-( / 

h 

//.., 

fV-V 

7_‘ 

• 7 

3 

87 

18 

. 8 

17,000 

229 

8,000 

2700 

‘la 

.0 

4 

31 

22 

.0 

14,700 

150 

4,000 

940 

1 10 

.3 

5 

06 

23 

.6 

15,000 

124 

t 1,400 

1760 

li*t\ 

2 

5 

69 


. 4 

15,000 

119 

11,000 

1244 

115 

9 

5 

40 

21 

5 

15,000 

134 

9,000 

1432 

123 

2 

6 

21 

19 

. 7 

15.000 

121 

17,500 

1750 

120 

4 

8. 

91 

14 

5 

17,000 

132 

17,000 

1300 

12 1 

5 

5. 

38 

23 

4 

15,000 

119 

9,500 

1300 

105 

0 

5. 

43 

19. 

3 

16,500 

154 

16,000 

1984 

1S5 

8 

19. 

00 

9 

8 

16,000 

86 

15,000 

304 

210 

7 

31. 

83 

6. 

6 

16,000 

74 

14,500 

202 

247 

2 

52. 

35 

4. 

5 

10,000 

64 

15,000 

133 

207 

0 

95. 

83 

3 

1 

10,000 

53 

16,000 

75 


lin; pressure 111 the discharge is fixed by the head dm; to the 
head-control tank (17.00 ui.), col lected for various friction lo^cs 
III the supply line, the velocity head, and the loss in the check 
valve. The equation is: 

IVesMUr head in discharge line = 17 00 -81 * v 

2<J 

m which i is the resistance coeflieicnt for cither direction of 
flow. 


too WOO 1200 TWO 7000 ilco pco. 

Km. 21 

Vi’ Wttlwr \ ™ ^*! r - A" h ,Ur S !' u - 11 ' ~ ‘ ^'.Kitim f,v 1 1 ■ 1 1 > tt I i 1 1 u 

Hut .supply pipr uml in (lie »h.n hur^t- rv.- 1 ,crl t v,;l y i 

stilted lor this direction of flow, but was nut asgreal as had bee 
expected. This is probably due to the braking action of ll 
secondary eddies in the dead spare separating the two streau 
ol the main vortex as shown in Fig. 22. 

d Rounding off the throat did not increase lin- dFeh.t i ^ 
eapaeil y for the vorte\-lVee direeliou of Huw. \ allies of 
tor the profiles are in general higher than for the expcrimcni 
without the throat pieces, showing ilia! the constriction of tl 
throat had an unfavorable elfeet in .-pile of the belle, guidam 
ot t he st ream. 

-1 Sharpening the trout face of l he protile (Finliir> 0 to , v 
winch was cxpeeled to give a better breaking away of the j, 
tor tangential entrance, and flattening the front face (IVofik 
4 and 5), which was expected to improve the discharge eapacit 
for the vortex-free direction of flow, -bowed themselves to b 
unsuitable. 

lhe \alue ot u- given in the table tor iVotiles It to 12 pertai 
to the cavitation limit which was reached even under the he 
head supplied by the head-control tank. 

in a maimer simitar to what w;i> dime pn-vi..u.dy for wate 
till bines, 4 i). 1 liuma let- given the billowing diiivation of th 

criterion tor the danger of cavitation in the eoimteitlow brak. 

“As regards the danger of cavitation, the luwe-d |hv-.mu 
existing at any point is*oi the greate-l import anc«-. If we dn 
charge various quantities of water through the apparatus, bu 
choose the relations in such a manner that cavitation does no 
occur, then, as a result ol the mechanical similarity of the floss 

J 'l'i;omaetiotis ui the l uM Wui M P,,w,-r t 'tmlt.iviuv, London 
L>21, | mi > er no IU0. 


the pressure; differences between mi y (wo points will he propor- 
tional to the squares of the rates of flow, neglecting the direct 
elTect of the viscosity; this proportionality applies also to the 
difTerenee between the pressure in the discharge line and the 
pressure at. the (unknown) unfavorable location in the interior; 
the last-named pressure, whieh is the least occurring for the 
given condition of How, may he indicated by ; it is then 

Discharge pressure - — k — - 

2(7 

where v is the mean velocity in the discharge line and k is an 
unknown coefficient associated with the type of construction. 
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Since the loss of head //„ is proportional lo v 7 /2g, the preceding 
equation can he written in the form 


p, „i„. — discharge pressure — arylK 


where cr is associated with the type of construction; because 
of the mechanical similarity, the value of <7 does not change for 
larger or smaller, geometrically similar designs, at least so long 
ns the size or the velocity dr> not become so small or (lie vis- 
cosity so large that the direct effect- of the viscosity is noticeable. 

"To determine <r, an experiment was arranged in which the 
discharge pressure was so greatly reduced or the rate of flow so 
greatly increased that the first indications of cavitation were 
not quite evident. The value of <j is then obtained if we insert 
the measured value of the discharge pressure and the head 
loss 11 * in the preceding equation and use for the vapor 
pressure of water. 

"To determine whether cavitation is to he feared for any 
assumed application of the counterflow brake, compute 
by this equation; cavitation is not to be expected if p mit , is 
greater than the vapor pressure, that is, if 

Discharge pressure — aylfu, > vapor pressure 

“►Since it is easier to express the pressure in the discharge in 
terms of pressure head, a slight transformation is desirable. 
Using II a to indicate the barometric suction hear!, 


IK 


nir pressure — vapor pressure 
unit weight of water 


"If IK demotes the pressure above atmospheric in the dis- 
charge line, the equation for the avoidance of cavitation be- 
comes 


Ua + IK 

777 ~ 


<tj will be used with flow in the direction which produces a 
vortex and a 2 with flow in the direction which does not produce 
a vortex. 

To determine the danger of cavitation for any type of construc- 
tion, it is sufficient to carry out one experiment on the limit of 
cavitation for each direction of flow." 

The values so obtained are given in the table, i.e., the values 


for the direction of small resistance as values of <r. For the other 
direct ion of flow the cavitation limit was never reached. With 
the arrangement for which the cavitation limit was not reached, 
the values given in the table are greater than a for cavitation. 

hor the Profiles 1 to 8 , the cavitation limit could be reached 
only by using the city water pressure, and under this condition, 
exact values of «r could not be computed because of the varia- 
tion in pressure, which ranged from 4 to 5 atmospheres. 

The initial experiments using only the pressure from the bead 
control were repeated with the city water pressure and will be 
described here. The results obtained from these experiments 
for the direction of least resistance can be represented onlv bv a 
graph, since their more or less irregular behavior at different 
velocities, the resistance for different throat profiles, and the 
point and type of deviation from the initially constant values? 
of ft do not lend themselves to a tabular representation. 

In Fig. 21, the ordinates are the loss of head IK, and the 
abscissas are the velocity heads in the 38-mm. pipe. As in the 
previous experiments on Profiles 9 and 10 , using the head con- 
trol, the remaining values began to bend away from the curve. 
Up to a certain velocity head, there is a linear relation between 
v 2 /2g and 7/, r . On increasing v*/2g above a certain value, 
which lay between 280 mm. (Profile 9) and 1500 mm. (Profile 2 ), 
the values of ft given in the tables are no longer applicable. 
It should be noted that the increase in IL r was obtained by open- 
ing the valve beyond the spiral. The deviation from a straight 
line is caused by cavitation; after the cavitation had been com- 
pletely developed, which occurred only with the very constricted 
throats (Profiles 9 to 12 ), the rate of flow did not increase with 
further reductions in the discharge pressure, so that, the / 7 tr 
line becomes vertical. 

Profile 10 was used for nn experiment on regulating the flow 
at a point upstream from the spiral; the different characters 
of the curves show clearly that the start of cavitation depends 
on the pressure conditions in the tangential tube behind the 
narrowest section. The same value of cr 2 was obtained by regu- 
lating the flow above and below the vortex spiral. 

Although the experiments noth the city water pressure did not 
make possible a determination of the value of <r 2 for Profiles 
1 to 8 , they gave, however, a basis for judging the operation of 
the various profiles at higher velocities and the possibility of 
setting a limit for the values of rr 2 . Thus, Profiles 2 and 7 gave 
the same efficiency, but Profile 2 is shown by these experiments 
as the better one, since the possibility of cavitation in the direc- 
tion of Irast resistance occurs considerably later than with Pro- 
file 7; this appears from the limits of trj given in the table on 
page 21 . Profile 2 gives a relatively greater discharge capacity 
in the direction of least resistance and a good efficiency (ft/ft = 
23.0 approximately). 

In a manner similar to the procedure for the large vortex 
chamber, the tangential orifice of the smaller chamber was 
altered so as to have the different forms given in Fig. 23 (Series 
IV); Profile 0 is the one used in all previous experiments; 
Fro files 0 and 1 have an area of 20 by 38 mm. at the most con- 
stricted section, while the others have an area of 10 by 38 mm. 

In representing the results for the smaller vortex chamber, 
a graph is unnecessary, since even on using the city water pres- 
sure no irregularities or deviations from the constant value of ft 
appeared. The value of <r is smeller for all profiles than the 
values given in the table on the following pnge. 

The values of ft given in the table are valid over the whole 
range of the experiment, except that for the simple, sharpened 
throat (Profile 0 , Nozzle 1 ) the values of ft were a little greater 
than appear in the table for II w = 13,000; the same is true of 
Profile 1 for If „ — 8,500. However, these shapes arc not im- 
portant because of their low efficiency. 
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Profile 1 gave ail appreciable reduction in the value of but 
simultaneously a greater reduction in ft; apparently, the stream 
followed the bevel and the velocity decreased. The values of 
Ti for Profiles 2, 3, and 4 are almost equal, but the values of 


flow and for choosing the best form of the tangential supply 
pipe, but the use of such a stilling chamber is impracticable 
in practice because of its size. Consequently, the best design 


SMALL VORTEX CHAMBER WITH STILLING CHAMBER NO. 1 


Profile ft 

0 32.5 3.93 

1 25.3 2.47 

2 47.8 2.98 

3 49.6 3.75 

4 48.9 3.50 


Range of experiments in mm. 
of water 


n/ft 

fi 

Hu> 

*72 0 

II w r 

*72 o 

8 

.3 

16,000 

477 

7,000 

1,804 

10 

2 

11,000 

418 

2,500 

1,025 

16. 

'o 

13,000 

272 

3,000 

1,015 

13. 

2 

13,000 

263 

3,000 

803 

14. 

0 

14,000 

289 

3,000 

861 


<1.75 

<1.38 

<0.92 

<0.92 

<1.02 


<ri 

<4.0 

<7.0 

<5.7 

<5.1 

<5.5 


show a greatly different discharge capacity in the direction of 
flow which does not give rise to a vortex. For this vortex cham- 
ber also, it appeared that a considerable contraction of the tan- 
gential supply pipe had a desirable effect on its operation as a 
counterflow brake, and a simple, semi-circular rounding gave 
the best results [Profile 2, f ,/fr = 16 (approx.)]. In this ease, 
as well, rounding the throat piece increased the discharge ca- 
pacity over that with a sharp throat for the direction of flow 
which does not give rise to a vortex. 


-f3ja 
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Experiments With a Different Type of Stilling Device 

The stilling chamber and its group of pipes are intended to 
deflect the eddying stream paths in the axial pipe into parallel 
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(/ rojil — profile; Dune — nozzle.) 


paths and thus to make possible a correct measurement of the 
water pressure downstream from the spiral. This arrange- 
ment was satisfactory for a determination of the pressure dif- 
ference across the apparatus for the two diiferent directions of 


of the vortex chamber, developed in the previous tests, was 
tested once with a simpler arrangement for straightening out 
the flow. 

fig. 10 shows the experimental apparatus which replaced the 
large stilling chamber and which will be designated as Stilling 
Chamber No. 2. A suitable pipe 10 mm. in diameter and con- 
taining a group of small pipes 5 mm. in diameter and 50 mm. 
long was connected to the axial discharge piece and made water- 
tight by stuffing boxes. This insured a deflection of the eddy- 
ing motion into parallel paths. This group of pipes was later 
replaced by crossed metal plates of suitable length with the 
Same effect, and in practice the latter arrangement appears 
simpler and more effective. 

Duiing the experiments, the mercury manometer was con- 
nected between points 1 and 2 as for Stilling Chamber No. 1 
(Fig. 12). The pressure connections u, b, and c served only as 
a check on the pressure measured between 1 ami 2. Between 
b and 1, the loss in the stilling chamber was measured separately 
for flow in the direction causing a vortex. 

ihe following experiments, using Stilling Chamber No. 2, 
weie cuiried out on both the large and small vortex chamber 
with the profile that had been found previously to be most suit- 
able (Profile 2). 

Before these experiments are described, a brief discussion of 
the influence of the alterations in the apparatus may be given. 
The following table compares the values of f for both vortex 
chambers with the different stilling devices but with vortex 
chambers otherwise unchanged. 


Large antral with Profile 2 
and axial pipe at 0 
Small aoirul with Profile 2 
and axial pipe at 0 


Still) hk 

chamber 
No. ! i I'J.S 
No. 2 110.2 

No. 1 47.8 

No. 2 51.1 


f* 

fi/fi 

5 . (JO 

23 6 

5.28 

20.9 

2.98 

16.0 

4.24 

12.0 


At this point, the resistance coefficient of rft.illin 
No. 2 for the different directions of flow may be 
is the coefficient for vortex fluw and N: the coefficient 
free flow. 


g Chamber 
given. 
for Vurtex- 


Reaiatttiieu coeilieient for .Stilling ( ‘liuiuhia .V>. 2 " ^ 

Large vortex chamber w . r . 

Small vortex chamber y d) \ j 

ihese values show the purl which (lie stifling device has in 
the operation of the counterflow brake. Fig. 25b shows how 
the resistance of t he Stilling Chamber No. 2 was measured 



Ki h.ct mk Am i:it a i !i»\< in tiik Amm Di-rn \ iici; I’h-i; on 

Itli; Oi-KUATIOV OF Till-: S\| M.l. VninTA' ClIWIMUl (Si;im-s X) 

Since :m important increase in the efficiency nf ihe vortex 
chamber liM.fl been < il if :i i h«m 1 by changing tin* fm in nf ihc |;m- 
r:»l supply piece, il appeared desirable to test the possibility 
ff improvement in the design of the whole counter-flow brake. 

Tin* consideration that :in axial pip** which projects inln flu' 
\"ip*\ cha m ! >er would no! , up In a crri :i i n point, interfere wifli 
the entrance of water from the axial pipe (I tis«* i(. dors not 
constrict flic dischn rge area between pipe wall and side of cham- 
ber), luit nl discharge from ilic spiral info flic axial pipe wmiM 
si relief lien Hu* braking efTeel of flic vortex and thereby must 
aid (lie desired operation, made it appear desirable to insert 
I lie axial pipe different distanres info tbe chamber. The appara- 
tus (Fig. 21) was so arranged that the axial discharge pipe could 
ia* inserted any distance info the chamber. It i- is desirable 
that, in the direction of flow giving a vortex, the afing wafer 
should discharge as slowly as possible without : dug a high 

resistance, in the other direction of flow. 

The following fable shows flic* results of the series of experi- 
ments with the simple cylindrical discharge pipe (Series V). 


SKRIKR V SMAI.I, YMIM KX ClIAMHKff WITH PlfnKlI.K 2 
A N’T) STILLING (’HAM Hi; \i NO. 2 


Set film 


Kiuiei* nf 

*>\pi 

ri mriit « 

in mm. 



of n \i:t 1 



of writer 




I’M’ 0 . 


F 



F 



mnt. f ! i? 


//„- 

72</ 

11 

rV'-V 


a: 

« 51.1 1.2 4 

12.0 

15,000 

271 

1.000 

047 

0.7S 

<3.0 

15 53 . 0 L 12 

i a . o 

15.000 

20 a 

4.000 

075 

0 .78 

Cl 8 

20 55.8 4.30 

la.o 

15,000 

250 

4.0(H) 

oao 

0.71 

<4 0 

25 50 \ 4.50 

12.1 

15,000 

245 

1,000 

885 

0.77 

<3 7 

an 5* . 4 7. in 

7.0 

15,000 

237 

0,000 

R 1 5 

0.70 

<2.0 

ft, is evident that 

1 by 

inserting 

flu 

' axial 

fdpe 1 

! 5 In 2d 

1 mm 

an improvement in 

the . 

efficiency 

is t 

tbf ained. A 

furl her 

inser ■■ 


fion decreased the rati*) through a greater proportionate increase 
in the coefficient of resistance for the direction of flow which 
floes not. develop a vorfex. Below the limit of <t, given, the 
value of $*, was generally smaller, that is, the value was im- 
paired by the appearance oT cavitation. 

As the next step in the improvement of the valve, the simple 
cylindrical axial pipe was replaced by a sort of nozzle, shown 
in Fig. 25a. This constriction of flu* cross-serf ion of flic axial 
pipe promised an improvement, in fr for the vortex direction of 
flow, since the rotating wafer would he drawn closer to the 
axis, while in the opposite direction of flow, no important- loss 
was to he expected through the pulling away of the stream from 
the walls in the expanding serf inn. This nozzle was arranged 
so that it could be insert fa! into the spiral vortex chamber. 

The results of the experiments with the nozzle in the small 
chamber and using Stilling Chamber No. 2 as in Fig. 10, are give?) 
in the following table (Series VI). 

SKH IKS V! SMALT, YORTKX CIIAMHKH WITT! CROFT LK 2, 

Si IT. UNO niVMHKIl NO. 2, AND DISCHARGE NOZZLK 
without gut nr: yanks 

SeUinc R ruicr* <>f o\*prri inmit* in mm. 

of ax ini *>f wntrr 


pipp, 

mm. F 

F 

F/F 

Ci 

//>,- 

'72 f/ 

F 
li , P 

r72 9 

ITl 

a * 

0 112.3 

5.77 

10.5 

1 1,000 

131 

5.000 

878 

1 . 3() 

<3. 1 

15 113.5 

5 . 3t> 

21 . 4 

14,000 

1 30 

5,000 

93S 

1 82 

<3.3 

20 118.5 

5 1 3 

23 1 

14,000 

120 

5.000 

975 

1 . 82 

<3.7 

25 120.5 

5.10 

23 . 3 

14,000 

12S 

5.000 

075 

1 . 14 

<3.5 

30 121 5 

5 . S3 

20 0 

14,000 

120 

5,000 

803 

1 . 12 

<2.8 


It appears from these experiments that the values of are 
innir* than double the values for the plain cylindrical pipe with- 
out a very great increase in (v The efficiency for a sotting 
of 2 A mm. reached 23.3. For values of *r, which are less than 
the values given in the table, scarcely any decrease in the value 
of f t due to cavitation was observed; that is, with the nozzle, 
the entrance of cavitation reduced the resistance of the appara- 
tus for vorfex flow. 


The next step was the insertion of cross-pieces of sheet metal 
2 mm. thick and .50 mm. long, sharpened at both ends, at and 
below the throat, to straighten out the flow (Fig. 25a). Fafer. 
in place of the cross-pieces, sharpened sheet metal plates, fr-un 
50 to 00 mm. in length, were inserted. 



{ KY* uzbh'rh nn n'nt- ir — cn)?spf.l unidn vane* nt wide section ; 
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Fig. 25b 

[Rnhrpa 7. W — Stilling Clmrrtber No. 2 (HtrrrOly, bundle of pipe?).} 



Il is lu be noted that for any guide vane in the discharge 
pipe, the resistance coefficient of the stilling chamber abate 
(fa fur Stilling Chamber No. 2 in 40-nun. pipe), for the direc- 
tion of high resistance, does not differ from the resistance coeffi- 
cient for vortex-free flow. The resistance coefficients for tin* 



wkyi M'hrd-Jli > tJ"xtnOtnttn — sinking Ijhmj uf noz zle; llacff's Hi nit <jbr t tt 
Hat plate inserted.) 

coitntct flow brake in the following tables refer to the stretch 
between the points b and 2 (big. 12). A complete straightening 
of the rotating water leaving the spiral was accomplished by the 
metal cross-pieces and the simple guide vane til) mm. long. 



i he next table shows the results obtained with a nuzzle mn- 
taming a cross-piece inserted immediately beyond the narrowest 
section of the nozzle-shaped discharge pipe (Series VI 1). 

In these experiments, the straightening of the flow occurred 
immediately behind the narrowest section of the discharge 
nuzzle instead of in the stilling chamber. The difference in the 
efficiency, compared with that obtained in previous experi- 


ments, is in part to be explained by the fact ihuL fur flow in in- 
direction of small resistance, the resistance uf the cross-pieces 
is less than that of the grout) of pipes. Mere also, for values 
ol cr ! less than those given, a decrease in occurs. 

Since the crossed guide vanes actually straightened out the 
llow, the loss for How with and without vortex formation was 
specially delei mined by means of the pressure taps above and 
below the stilling chamber (big. 25b), as was done for the Values 
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ot {Vi 

and iv. 

: given 

on page 22. 

Since 

the w 

a ter 

hum the viii 


tex chamber, after leaving the crossed guide vanes, loses as 
much pressure head in the stilling chamber as was lost for vurtex- 
free flow, while the resistance ol the same chamber without 
the crossed guide vanes is very much greater, it is permissible 
to assume that actually the vorlex is destroyed in the guide 
vanes. 


The use ol crossed guide vanes at the narrowest eruss-sertiuii 
appears undesirable from tin- data in the following table (Series 

VIII). 
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15,000 
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The 

experiments 

enndu 

cted sl 

low i hat a 

nuzzle uf the 

type 


used is to he preferred to a simple* cylindrical pipe, and that 


the desirable location ol the guide vane is immediately down- 
stream from, but not at, the narrowest section of the nozzle. 

The next series of experiments considered the problem of re- 
placing the crossed guide vanes (at .1) with a shcel-inetul plate. 
The results appear in the following table (Series IX). 
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Sheet met a j, 

120.4 5.71 

22 1 

15,000 

hit 5,000 

802 1 

l 12 

plate, 00 mm. 

12 L0 4 22 

20 (j 

15,000 

120 5,000 
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bsing the method previously outlined, the experiments with 
the 50-mm. plate showed that the eddy was not completely 
destroyed (resistance with this arrangement, bi — 2.2; with 
vortex-free llow, f,- — 1.5d, page 22). However, tin* guide 
vane ‘JO mm. long completely destroyed (h<- vortex, giving the 
same efheiency as the crossed guide vanes, and is to be pre 
lened because of its simple const i net ion. Here it must be 
pointed out that the value ot lor the crossed and Dll-mm, simple 
guide vanes does not contain the resistance cueflieient of the 
stilling chamber in the pipe, while the value of f for the 50-mm. 
guide vane, which did not completely destroy the vortex, does 
include the resistance ot the stilling chamber. ibis explains 
the great difference in the ollicienries given in the table 
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T f oxprn merits which worn conrerned with the to impede the discharge of the water through this opening 
possdidi! ics of changing the tulies leading to (lie vortex clmmber, The experiments with the plates led to no in’provement in 
if i ortin ]nr><! to lest alterations m flip chamber itself. In order the efficiency. 
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SKIUFS X SMALT, VORTEX CHAM HER WITH PROFILE 2 AND DFrn\T?n 
NOZZLE WITH 90-MM. GUIDE VANE AT WIDE SECTION 

Scttinc 

I’lfttc tlSCfl of 
nxitil 

Type Thickness, pipe, 
mm. mm. 

| (Fig. 26) j 10 
. 23 

l (Fig. 26) 0 404.3 28.23 14.3 

15 \ 0 120.2 5.79 20. S 

(Fik 27) J 12 117.4 6.32 18.6 

20 

(Fi(z^ 2 7) 0 112.4 5.25 21.4 15,000 152 

< Fi 25 27) ° 120 ' 5 4 9 251 15 * 000 140 

(Fij? q28) 0 185.6 ■ 5 24.9 16,000 91 

( Fig. 27) 0 132.5 S 21.1 15,000 125 
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1.27 

1.12 

<0.56 
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< 2.6 

< 2.8 

1.9 

<2.5 


to give tlio vortex chamber other dimensions, a hardwood plate 
was attached in tlio bottom of the spiral rasing hv screws. Two 
difTrrrnt kinds of plates were used, which will bo referred to in 
the tables as “flat" and “conical. ” 

I he flat, wooden plate covered the entire bottom. A smooth 
transition at the inlet, was obtained by modeling with a kind 
of far (Fig. 20 at, A). The conical plate covered only a part 
of the bottom, and the tangential supply was not contracted 
(Fig. 27). Those conical planks were made in different thick- 
nesses, but all bad a bevel of 15 
degrees. For the most favorable 
thickness of plate obtained, a 
second experiment with equal 
thickness but much steeper angle 
(Fig. 28) was made, so that 
the tangential inlet remained 
the same, but the upper edge of 
the plate on the side of the 
throat piece coincided with the 
side of the spiral, similarly to 
the flat plate. 

The results of this experiment 
appear in the following table and 
graph (Fig. 29). 

For the experiments with 
nozzle inserted into the vortex 
chamber with and without the 
guide vanes (crossed guide vanes 
or simple vanes), a desirable de- 
crease in value of f 2 was observed 
on insertion of the axial dis- 
charge line. However, contrary 
to exportation, the “impnrt- 
plafe effect-” did not occur will) 
either the flat or the conical 
plate. With the flat plate, ns 
f he graph (Fig. 29) shows clearly, 
the heavy cavitation effect in 
tlio excessively constricted tnn- 


The best efficiency of the small spiral (H/fr = 33.4, table 
on page 25) was obtained with the crossed guide vanes in the 
wide section of the nozzle, with unaltered spiral vortex chamber 
fit ter! with Profile 2, and with the axial discharge nozzle in- 
serted 15 mm. However, the simpler 90-mm. guide vane with 
the discharge pipe flush with the wall of the chamber is to be 
preferred, since this arrangement gave the same efficiency 
(29.(3) as that with crossed guide vanes and with the discharge 
pipe flush. (Compare first and last values in table on page 25.) 
On inserting the discharge nozzle about 15 mm., an efficiency 
of about 33.4 is to bo expected for the simple 90-mm. guide vane. 

Experiment With tiir Faroe Vortex Chamber (Semes XI 
AND XII) 

The procedure for the smaller spiral determined the program 
for the larger spiral. 



Fro. 29 

(TTVj xxrrxtlufr ~ bond of water.) 




I he experiment was carried out with the cylindrical discharge 
pipe and with the discharge nozzle, but with the crossed guide 
vanes only at the best location; in this vortex chamber, also, 
a comparison could be made as to the degree to which the nozzle 
improves the efficiency as compared with that of the plain cylin- 
drical pipe. 

The following table gives the data on the larger vortex chain- 
her with the cylindrical pipe (Series XI). 


A pipe, 9 m. long, was altuched to the smaller vortex cham- 
ber to determine the effect the chamber had on the type of flow 
in a long discharge pipe. This pipe line was made up of 8 one- 
metei lengths held together by flanges and bolts to make pos- 
sible the insertion of Stilling Chamber No. 2 (Pig. 10) at dif- 
ferent points in the line (Fig. 30). At these points, the loss 
was to be determined by measuring the pressure difference above 


bLRIJ S?L?i VOKTEX chamber WITH PROFILE 2, 

STILLING CHAMBER NO. 2, AND CYLINDRICAL 
DISCHARGE PIPE 
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16500 
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The value of the ratio s Vp of 43.3 is tiie best efficiency ob- 
tained in these experiments. 

FeKSISTA NCE OK ROTATIONAL FLOW IN A LONU DlSCIf AltUK 

Tube (Series XIII) 

Since there are circumstances under which it is difficult to 
insert a guide vane below the vortex chamber in the axial dis- 
charge pipe, it appeared desirable to investigate the persistance 
of rotational flow in the axial pipe. 


$ 

1 

* 


As the following table of the experiments on the larger spiral 
with the discharge nozzle shows, the insertion of this tube into 
the center of the vortex appears to aid the discharge of water 
from the chamber; inserting the tube about 15 mm. gives a 
smaller value of than when it is flush (Series XII). 

SERIES XII LARGE VORTEX CHAMBER WITH PROFILE 2 
AND DISCHARGE NOZZLE CONTAINING 90-MM. GUIDE 
VANE AT WIDE SECTION 



ai 

<1.81 

< 1.80 

<1.80 
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ZchuUr = valve; zur Wage = to scale*; Schwenkunn - dellecting lever ' 

of measurement.) 
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Fiu. 31 

(Abstund in d - distance in diameters; far ntcht wirbdndt Stromung - for 
flow without vortex formation. ) 

and below the stilling device, which occurred because of the ro- 
tational component in the water leaving the vortex chamber. 
It was assumed that the smaller the tangential component, the 
lesser would be the deflection which the stream paths must 
expedience and consequently the smaller the resistance. In this 
manner, by placing the stilling chamber at various points along 
the pipe and comparing the losses, an idea of the strength of 
the vortex at any point along the path could he obtained. 

I he values of N for the stilling chamber which were determined 
lor different velocities at each location, remained constant ex- 
cept for very low velocities, for which the values of B were higher. 

The correlation between the resistance coefficient and the dis- 
tance of the stilling chamber from the spiral is shown in Fig. 31. 
The distance is given in multiples of the diameter (10 mm.). 
1 he graph also shows the coefficient for eddy-free flow. 

As was expected, the magnitude of the rotation decreased 
rapidly because of the braking effect of the 
skin friction. Beyond 83 diameters, no impor- 
tant change in the resistance occurs, but the 
resistance between 83 and 188 diameters differs 
somewhat from the value of measured for 
Voi tox-frec flow, so that it must be assumed 
that the water still rotates. 

Next, the drop in pressure along the length 
of the pipe was measured by pressure taps in 
each of the I m. lengths of pipe (Fig. 30). 
i he pressure differences between each point 
and the ring-manifold connection in the stilling 
chamber at the end of the pipe were measured. 
1 he result (if this experiment is shown in Fig. 
32. The distances from the vortex chamber to 
the points uf measurement are the abscissas, 
and tlie corresponding pressures are ordinates. 
The pressure drop for an equal mean velocity 
in vortex-free How is shown as a dotted line 
for comparison. Beyond 90 diameters, the 
curves differ but little. 

It is striking that beyond 90 diameters, tin.* 
curve for vortex-free How falls slightly below 
that for vortex How, as is shown by the graph. 
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liyilrnnlic rmmf orflow hn.kos ,,, i|,j s work, ft m 

lirivniK flic liifrhosf poHsililo i ionoy without toforoii.. 

to (ho dimension of the np n( iis=, the host form is 

the spii.-il Riven on pn.R0 17 (Mr. I.'l) with a ratio of the 
radii of 10:12, a oonfrnefed l:inRenfi:il inlet. (IVofile 2i. 
■'"d a nozzlo-sliatied diseliarce pipe with simple pui.le 
vane immediately l.eyond the narrowest part of the axial 
discharge pipe. 

If the occurrence of cavitation with very great pr ns- 
suro differences is to bo n voided, tlio tangential nnzzl »• 
indir.nl nd as 1 in hi g. 20 and in the table on page 21 
,s lo * )r Tf i<- is not necessary to obtain tlio best 

rfbnrncy but. is important, to keep tbe dimensions of 
Ibe counter flow brake small, tbe smaller vortex cham- 
ber (big. 14), with a ratio of radii of 5 to 7, may be used. 
The tangential supply line should be equipped with 
Profile 2, given on page 23 and in hig. 21; the axial 
discharge should be a nozzle with a simple guide vane 
at- the same point, as above, but the axial pipe should 
project, inward about 40 per cent of the total height of 
the vortex chamber. 

I he results of this work can be summarized as follows; 
\\ i' have succeeded in developing an apparatus, the 
“counlerflow brake,” which, with no moving parts, exhibits 
greatly different, coefficients of resistance in the (wo directions of 
flow (highest efficiency, = 43.3), 

A set ies of hums of the 4 homa eounterflmv brake were invest i 
gated and the best, type, chosen. In practical application, 
must be taken to avoid the region of cavitation 
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However, the arrangement of the apparatus was such that the 
accuracy of measurement was not very great. 

We can conclude that at about, SO to 00 diameters beyond 
the vortex chamber, the pressure drop is about the same ns 
for parallel flow, and that, at this distance there is no objection, 

< hereforc, to discharging tbe water info any other apparatus, 
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5 Claims. 

l 

Our invention has for its object an arrange- 
ment providing a loss of head or a resistance 
for a gasiform stream that is small in one direc- 
tion and considerable in the other direction, 
without its being necessary to resort to any mov- 
able mechanical members, this difference in ac- 
tion being provided by resorting to the laws gov- 
erning the flow of gases so that the device may 
well be termed an aerodynamic valve. 

This arrangement allows furthering the di- 
rection of flow in a predetermined direction in- 
side a circuit of gases or vapors. When applied 
for instance to the exhaust of internal combus- 
tion or explosion engines, it allows improving 
the scavenging of the cylinders by preventing 
the rearward movement of the burnt gases, which 
is of particular interest whenever the exhaust 
gases are to feed a gas turbine as used for in- 
stance for driving a supercharger. But such an 
application mentioned merely by way of ex- 
ample should not be construed in a limiting man- 
ner and the apparatus may be used to advan- 
tage in all cases whereby reason of the fluctua- 
tions impressed to the progress of the gasiform 
stream, it is important to constrain said gases 
to advance in a single direction. 

Our improved arrangement covers the asso- 
ciation of a succession of nozzles all converging 
in the direction of flow that is to be furthered, 
with a diffusor mounted at the downstream end 
of said succession of nozzles in the direction 
considered. This diffusor may be constituted by 
a dissymmetrical Venturi-shaped member, the 
part of this member of which the free cross 
sectional area varies more slowly being located 
in the downstream side in the allowed direction 
of flow. 

The input of fluid into the arrangement and 
its output may be provided along a common 
straight line which is an important advantage. 

We have described hereinafter with reference 
to accompanying drawings given by way of ex- 
ample and by no means in a limiting sense an 
embodiment that will allow understanding how 
the invention may be properly executed, the 
features appearing both in the drawings and in 
the specification forming obviously part of the 
invention. In said drawings: 

Fig. 1 illustrates in axial cross section a first 
embodiment of an arrangement according to 
our invention. 

Fig. 2 is a diagram illustrating the flow of 
gases in the allowed direction with a graph show- 
ing the variations in pressure along the arrange- 
ment. 

Fig. 3 is a similar diagram for the case where 
the flow is executed in the reverse or braked di- 
rection. 

Fig. 4 is an axial cross section of a further 
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embodiment of an arrangement according to our 
invention. 

The embodiment illustrated in Fig. 1 includes 
a tubular section I that is to form part of a pipe 
5 system through which a pulsatory gasiform flow 
passes, a series of successive converging annular 
baffles forming discharge nozzles 2 i — 22 — 23—24 
and a Venturi-shaped member 3 beyond same. 
The direction of the allowed or free flow is that 
10 illustrated by the arrow A while the direction of 
the braked or hindered flow is illustrated by the 
arrow B and consequently the nozzles converge 
in the direction of the arrow A and the Venturi- 
shaped member 3 is arranged on the downstream 
15 side of the nozzles in the direction A; said mem- 
ber 3 is dissymmetrical and the portion thereof 
wherein the cross sectional area varies more 
rapidly is located foremost immediately beyond 
the downstream end of the nozzle system. The 
20 arrangement works in the following manner: 
When the flow of fluid progresses in the direc- 
tion of the arrow A, the first nozzle 2 i has for 
its action merely to restrict the gasiform stream 
while reducing its pressure and increasing its 
25 speed. Each of the following nozzles li — 23 — 24 
receives the stream from the preceding nozzles 
before its elementary streamlines, that are prop- 
erly guided in the direction of flow, may diverge 
to any substantial extent, the spacing between 
30 the nozzles being suitably designed to this pur- 
pose. The speed and pressure of the gas in the 
stream, as considered in the first nozzle, remain 
substantially constant up to the entrance into 
the restricted portion of the Venturi-shaped 
3f> member 3. Beyond said portion the gasiform 
stream enters the downstream end of the mem- 
ber 3, the cross section of which varies more 
slowly than in the input end. Consequently the 
high speed of the stream when considered in 
40 the restricted portion of member 3 may be 
damped with a good efficiency inside the diffusor 
formed by the Venturi-shaped member for the 
direction of flow considered, the wall of which 
flares out to a small extent only. The pressure 
45 thus recovered A "pi (Fig. 2) is to be deducted 
from the loss of head A' pi to which the fluid is 
submitted as it enters the first nozzle and which 
corresponds to the minimum pressure required 
for ensuring the throughput through the small- 
60 est cross sectional area provided by the arrange- 
ment. The actual loss of load produced by the 
arrangement is finally 

Apl~A f pl~A ,f pl 

55 

where A pi is very much less than A 'pi. 

In the direction of flow corresponding to the 
arrow A, the flow is thus executed under ex- 
cellent conditions. 
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When, cu the -contrary, the gases have a tend- 
ency to flow backwards in the direction of the 
arrow B, they meet first the slightly tapering 
portion of the Venturi-shaped member 3. At the 
restricted portion of the latter, the speed ob- 
tained is considerable and by reason of the very 
large angle of divergence of the second portion 
of the member 3 that the stream meets there- 
after, the elementary streamlines of the stream 


A 

Obviously ithe above disclosed ecdbo dimen ts 
have been illustrated by way of exemplification 
and it is possible to substitute for their constitu- 
ent parts equivalent technical means, without 
5 unduly widening thereby the scope of the inven- 
tion as defined in accompanying claims. 

What we claim is: 

1. A unidirectional flow duct for allowing free 

downstream flow and hindering upstream flow, 


- - — — now uiiu mnueiuig upstream now 

open rapidly and, by reason of the shape of the 1° comprising in combination a plurality of dish-’ 


nozzles, the sharp edges of which are directed 
towards the flow of gasiform fluid, said ele- 
mentary streamlines cannot be taken -up under 
good conditions by said nozzles. The flow is 


* ~ VA UlOl.i-' 

shaped annular baffles annularly engaging the 
inner wall of said duct and being longitudinally 
.spaced therealong, and forming coaxial, con- 
verging passages, the least cross-sectional area 


. ... ; ,r unc icttoii ui. u^-beubiouai area 

submitted to a further loss of head each time it 15 of .said passages being at the downstream end 

rw r hrmir 1 r\ -ry n ^ . : -» xt ». _ 


passes throuf i one of the successive nozzles. 

At the r meat at which the .flow .passes 
through the ;ening of the last nozzle 2i, it moves 
with a certc speed that is damped and may as 
precedingly be transformed into pressure so as 
to reduce the loss of head it is submitted to. But 
in the case considered, it is necessary on the 
contrary that this loss of head may be -as high 
as ..possible. We provide for this, by constrain- 
ing the elementary streamlines to move away .as 25 
far as possible from the walls so that no rational 
damping of the speed may be obtained. .It is 
necessary to this purpose that A'pf (Fig. 3) may 
be as small as possible,; this requires, generally 
speaking, that the slope of the nozzles 2 may be 
sufficiently rapid. 

With an .arrangement .so designed the loss of 
head in .the braked direction 


Ap/=A"p/— 

is much higher (six to eight times) than that in 
the -opposite -allowed direction 

•Ap2=A'pZ— A"pZ 

*The -advantageous properties of the arrange- 
ment depend to a considerable amount on the 
distance between the nozzles 2. -A testing under 
permanent flow 'Conditions and then under pulsa- 
tory conditions will 'allow defining for each case 
the optimum Spacing between nozzles. 

The appai atus illustrated in Fig. 4 includes 
the same members as in the -case of -Fig. 1: a 
•channel I -containing a series -of convergent 
-annular baffles forming discharge nozzles 
7 1 — 22 -^ 3—24 and ‘a Venturi-shaped member 3 . 50 
But the nozzle openings instead of all having the 
Scvim cross sectional a,rea have different opening 
tiireas and -'are arranged in a manner such that 
their shape as a whole may correspond to the 

v.^^^t’srr * 

bodiment of Fig. 1 the periphery of the openings 
nf the. nozzles -and a part of the neck or narrowest 
Zone of the venturi -3, rie on a cylindrical envelope 
Surface C (shown .in dotted line), in the em- 
bodiment of Fig. 4, the envelope surface S (also 
-shown in dotted line) has a convergent-divergent 
: shape, the convergent portion being -shorter than 

the divergent portion which merges with -a di- 
vergent part nf the venturi. 

The direction of allowed flow is again that 
■given out by -the -arrow A while the opposed 
braked direction -is given -out by the arrow B. 

The operation is substantially the same, but 
the length of the apparatus is less which may be 
of interest for alternating operation, the gas- 
eous mass submitted to reversal of speed being 
smaller. 


thereof, downstream -of said baffles, an an- 
nular Venturi member, inside said duct, forming 
a -converging-diverging passage having a neck 
portion of least cross-sectional area and 'coaxial 
20 with the former -mentioned passages, the periph- 
ery of the downstream ends of said converging 
passages and the periphery of the neck portion 
of said converging-diverging passage lying on a 
smooth envelope surface. 

2. A unidirectional flow duct according to 
claim 1, wherein the converging part of said 
Venturi member is substantially shorter than the 
diverging part thereof. 

3. A unidirectional flow duct for allowing free 
30 downstream flow and hindering upstream flow, 

comprising in combination a plurality of dish- 
shaped annular baffles annularly -engaging the 
inner wall of said duct and being longitudinally 
spaced therealong, -and forming coaxial con- 
35 verging passages, the least cross-sectional area 
of said passages being at the downstream end 
thereof, downstream of said baffles, an annular 
Venturi member, inside said duct/forming a con- 
verging-diverging passage having a neck portion 
40 of least ci oss-sectional area and coaxial with the 
former-mentioned passages, the periphery of the 
downstream ends of said converging passages 
and the periphery -of the neck portion of said 
converging-diverging passage lying -on -a smooth, 
45 converging-diverging envelope surface blending, 
■at one end thereof, with the converging surface 
of the farthest upstream baffle and, at the other 
end thereof, with the diverging surface of said 
Venturi member. 

4. A unidirectional flow duct according to 
claim 3, wherein the converging part of said en- 
velope surface is substantially shorter than the 
•diverging part thereof. 

5. A unidiiectional flow duct according to 

rim 1, 'where” 

dvieal shape. 

JEAN H. BEKTIN. 
FRANCOIS G. PARIS. 
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FLUID MECHANICS OF THE MOMENTUM FLUERIC DIODE 


Frank W . Paul 


Introduction 


The fluid mechanic characteristics of a one stage 
momentum or Tesla(l)* fluerlc diode are considered in this 
paper. The momentum diode is geometrically composed of a main 
channel which branches i' to two channels and are subsequently 
rejoined at a sharp ang] , The internal geometry of the 
original Tesla diode is reproduced in Figure 1 (1). 

Tesla claimed that "...A valvular conduit composed of a 
closed passage way having recesses in its walls so formed as 
to permit a fluid to pass freely through it in the direction 
of flow, but to subject it to rapid reversals of direction 
when impelled in an opposite sense and thereby interpose 
friction and mass resistance to the return passage of the 
same" ( 1 ) , Tesla stated in his patent brief that the flow 
leakage thru each stage was represented by (l/X). X was 
defined as the forward to reverse flow ratio. Tesla concluded 
that an n^n stage diode would permit only (1/X) n amount of 
total flow in the reverse to forward direction. The diode 
flow ratio X needed not be large to obtain a high flow ratio. 

esla also stated that the resistance of the reverse flow 
direction was 200 times that of the forward direction. Such 
simple statements overlooked many significant fluid mechanic 
principles . 

The author has conducted a detailed study (2) on a one 
? mome ntum flueric diode. Important considerations were 
la; the optimum design for the steady-state diode resistance 
ratio and lb; the modeling and understanding of the basic fluid 
mechanic characteristics of the momentum diode. 


Basic Fluid Mechanics of the Momentum Diode 


All flueric diodes operate in two directions of flow, 
herein defined as reverse and forward. The total or static 
characteristics are cons idered when optimizing a diode 
for the maximum resistance ratio. This requires that any fluid 
diode be examined in the two modes of flow. 


The momentum flueric diode utilizes confined jet inter- 
acting flows to provide the major pressure loss in the reverse 
flow direction. The secondary loss effects are flow separation 
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at the downstream corners where the passages join and the 
turbulence loss occurring downstream of the jet intersection 
in the mixing flow region. These phenomena are indicated 
schematically in Figure 2(a) for the reverse mode of flow. 

The forward loss characteristics are more difficult to 
define. One loss mechanism occurs in the boundary layer of 
the main channel. Another loss is caused by the side channel 
opening shown in Figure 2(b), Initial considerations of the 
problem Indicate that flow passes from the main to side channel 
with some diffuser action. 

A significant problem in optimizing a flueric diode for 
a maximum resistance ratio is to achieve simultaneously a high 
reverse loss coefficient and a small forward loss coefficient. 
This is not easily implemented. The work of the author 
suggests that the two modes of flow are inherently coupled by 
the geometry of the diode. Only by defining and recognizing 
all the fluid mechanic phenomena which occur, can the diode 
resistance ratio be maximized with respect to a given diode 
configuration. 

The momentum diode has been studied by the postulation of 
analytic models with subsequent verification on a large scale 
geometric test model. These results were used to define the 
optimum or "best” momentum diode design. 

Reverse Flow Model 


The literature shows that few studies have investigated 
combining rectangular channel flows. Taylor(3)» McNown(4) , 
and Webber and Greated(5) treat combining flows with side 
channels, but do not develop general expressions for pressure 
loss characteristics. 

The ideal model for reverse flow is one where no total 
pressure loss occurs between 0 and 1 , and 0 and 2 of Figure 3. 
The model is idealized when the flow channel combination of 
streams 1 and 2 have the same total pressure. This is shown 
in Figure 4, The important geometric parameters of this model 
are the jet angle © , the side to outlet channel widths A , 
and the inlet to outlet mass flow ratio X , Lambda and X 
are defined as 

H z /H 3 •, X ^ vn./m-j . (l) 

Using a volume fixed in space and assuming that, 

1. The flow is one-dimensional, 

2. The flow is incompressible, 

3. The fluid is perfect, 

4. The flow is steady, 

5. Hi equals Ej, 

the continuity and momentum equations can be applied. ‘These 
equations in integral form are 

^ • dA. * 


o 


( 2 ) 



( 3 ) 


kfV(v-JA) -- ZF . 

The continuity equation is written as 


m, + m t 


(4) 

where the time derivative represents the mass rate of flow 
he mass flow rates at each location are written as 

vn, -- JH 3 &V, 

m t r ,f ^2 rPtVg. ( 5) 

- f H 3 r&,V 3 . 

The momentum equation is written in the X direction as 

vn 3 V 3 -vvvjY, + m z V^cos0 - H s rtt(P, -p s ) . ( 6 ) 

The static pressure loss from 1 to 3 is given by 


p ‘ ' p3 * ^[ih v F<>*e +Vj -v, 1 ]. 

The total pressure loss is given by 

+ IKY)] 

where the total pressure is defined as 

Pt = P + fd/z . 


(7) 


(8) 


(9) 


Equations (7) and (8) are rewritten in nondimensional 
form with respect to the average kinetic energy PV3/2. The 
definitions of A and OC are also introduced to give the static 
and total pressure loss coefficients for reverse flow 


K p = \ Z 


[1 -x % + -i-d-ocfcos©] 


(10) 


^ = [ ! - X + - 1 - (l-xfcos ©| 


A 


( 11 ) 


A relationship between the mass flow ratio 3 C channel 

A .' and . ^t angle g , permits the Kss coefficlen?! 

' T Vo b reTSi : ^ en v,^ n t f rms of the geometric parameters A and § . 
relationships based on fluid models are proposed. 



The static pressure model considers that a stagnation 
region forms at the upstream corner of the combining flows. 
This is indicated in Figure 2(a). The static pressures at 
points 1 and 2 are then assumed equal as the stagnation region 
permits the pressure gradients across both channels to 
equalize. Assuming that the total and static pressures are 
equal gives 

Ri s Pti > Pi = Pz (12) 

then 

^\\f, / 2. - ^zVz jz (13) 

or that 

(v,/v,r = 1 d^) 

for f a constant. Introducing the continuity equations and 
the definitions of X and A gives 

% = T7J~ ■ ( 15 ) 


Equation (15) is independent of the jet angle 0, 

Introducing Equation ( 1 5 ) into (10) and (11) gives 
expressions for the reverse loss coefficient for either static 
or total pressure loss in reverse flow. 

A + ZA 4- A cos O . ... 

J <16) 




X 4- ZA ^ Z.X Cos Q 
(l + A)* 


(17) 


The complex potential model considers the flow as two- 
dimensional, The analysis uses complex variable theory and 
conformal mapping to obtain a functional relationship between 
0C , A , and © . This analysis is detailed in Reference (2), 
Only the resulting relationship is presented in this paper. 


The resulting functional relationship is given by 
Equation (18), 




(i-y) 


1 


( 18 ) 


Equation (18) is solved in conjunction with Equations (10) 
and (li) to give the reverse loss coefficients as functions 
of A and ©using an iterative numerical scheme. 



Figure 5 shows the theoretical reverse flow total loss 
coefficient. as a function of A and Q . The loss coefficient 
increases with increasing A and decreasing © , For values of 
A greater than 1.5 the theoretical reverse loss coefficient 
is approximately constant. Only a 10 percent increase of the 
reverse^ pressure loss coefficient is obtained when the Jet 
angle © is decreased from 45 to 0 degrees. Figure 6 shows 
the theoretical mass flow ratio X as a function of A and © . 

Forward Flow Model 

The theoretical forward flow model is more difficult to 
formulate. The ideal model is a thru flow channel with no 
diffusing or side flow occurring in the branch channel. The 
thru flow channel model is not completely realistic for a 
real flow situation. 

The best model comprises the loss due to the boundary 
layer and developing flow in the main channel plus the loss 
created by the side channel openings. Empirically the forward 
loss coefficient is written as 

= ^ Pbl ^ R£> 'h; '-jy + (19) 

and 

j_j 

^t-F" JL ~ ■» 5 + A R-J3c • (20) 

The boundary layer loss Ap BL depends on the Reynolds number Re, 
channel aspect ratio rfy/ H3, and channel length L/H3, The 
branch channel loss Ap Bc is a function of only the diode 
geometric parameter A • The forward loss coefficient is 
evaluated on the experimental research facility. 

Experimental Studies 

A large model research facility was designed and built to 
verify the postulated reverse and forward flow momentum diode 
characteristics. Figure 7 shows a photograph of the assembled 
facility. 

Tests were conducted on the research facility to substan- 
tiate the models for the reverse and forward loss coefficients. 
Two jet angle configurations of 45 and 90 degrees were studied. 
Various A ratios were evaluated at both jet angles. The 
research model diodes were evaluated over a Reynolds number 
range of 70,000 to 170,000, The Reynolds number was defined 
using the average channel velocity and the main channel, width. 

Figure 8 shows the reverse total, pressure loss coeffi- 
cient for jet angles of 45 and 90 degrees. The agreement 
with the theoretical, models is good. The static pressure 
model gives the better correlation for both jet angles. The 
total pressure loss coefficient is important since this 
parameter is used to correlate and compare the theoretical 



and prototype momentum flueric diode results. 

flnw the theoretical and experimental mass 

flow ratio X with the geometric parameter A for reverse flow 

figure S f ° r ansles of ^ and 90 degrees are shown in the* 

Figure 10 shows the static or total pressure loss 
coefficients for forward flow. The loss for A equal to zero 

f ; niiSS t ??“iS ed ifr m rectangular channel losses which can be 
found in the literature (6,7). A limiting value for the 

l? r nSoi?T SUre l° ss coefficient equal to approximately 0.26 
is obtained experimentally. J 

Prototype Momentum Flueric Diodes 

The model studies conducted on the research facility of 
7 represented the "best" flow configuration which could 
be made for a momentum flueric diode. The research model was 
designed to give the most favorable inlet flow conditions for 
reverse or forward flow operation. Prototype models required 
b^iLde* 16 engineerins compromises for the inlet diode flows 

Figure 11 shows the theoretical total diode ratio for the 
momentum flueric diode. The total diode ratio is defined as 

= KtR / 'KtF ( 21 ) 

The total diode ratio is shown for both the static pressure 
complex potential flow models. The maximum diode ratios 
for jet angles of 45 and 90 degrees are 4.6il and 3.3il 
respectively, ^ J 


The geometric parameters of 
A are considered in conjunction 
a diode design. 


jet angle 6 and channel ratio 
with the following items for 


1. The forward pressure loss is minimized for a 
given diode geometry, 

2. The inlet reverse flow is divided to give the 
desired X ratio for the reverse diode flow. 

3» he limitations of the geometric design are of 
engineering practicality. 


The minimization of the forward pressure loss coefficient 

H m \ ts , the attainable diode ratio. Since the 

Joss raSo ?!£ lned aS the «««• *> forward total pressure 
loss ratio, a large reverse total pressure loss coefficient 

does not imply a large diode ratio. This paper reflprt<; 
opinion that attempts to increase the reverse total pressure 
loss coefficient by modifying the diode geometry can itld It 
increased forward pressure loss coefficients. The resulting 
diode ratio can then decrease. resulting 


an gle 0 and channel parameter A are chosen in 
such a way to select the "best" or optimum geometry for a* one 
stage diode The predicted total diode ratio shovm in 
1.6 is used to select the "best" diode 


design. The 


Figure 
prototype 



diodes of this study have jet angles 0 equal to 4 5 degrees and 
a channel ratio A equal to one. The diode ratio Is constant 
for A values larger than one. 

Three prototype momentum diode models, shown in Figure 1 
were constructed and experimentally evaluated in the 
laboratory. The average total diode ratios obtained for the 
prototype models are shown in Table 1, The diode Reynolds 
number varied from 1,700 to 17,000 for the experimental flow 
values , 


Table 1 


Model 

Diode Ratio (total pressure) 

A 

4 . 07*1 

B 

. 2.22*1 

C 

3.18*1 


A comparison of the average value of the total diode 
ratio with the theoretical prediction of Figure 11 shows that 
Model A gives a 10 percent smaller diode ratio. The lower 
experimental value is due to a smaller reverse flow loss 
coefficient. The theoretical total reverse pressure loss 
coefficient for A equal to one is equal to 1,10 shown in 
Figure 5 . The experimental value for prototype Model A is 
0 . 73 ^. The smaller value is due to the incorrect mass flow 
ratio % in the main channel. 

Model B improves the reverse total pressure loss 
coefficient by providing the theoretical mass flow ratio % 
equal to 0.50 for A equal to one. The experimental value 
of for Model B is 0 , 51 . The agreement with the theoretical 
mass flow ratio is good although the experimental reverse 
pressure loss coefficient for this configuration is 0.88, 

The forward total pressure loss coefficient is O.53 for 
Model B, considerably larger than for Model A. The increased 
forward loss is due to the sudden expansion of the main 
channel between points 1 and 0, shown in Figure 12 , The 
average total diode ratio of 2.22il is obtained for this 
configuration. 

The geometry of Model C directs the incoming reverse flow 
into the side channel. The experimental reverse total 
pressure loss coefficient of 1.11 agrees with the theoretical 
value of 1.10, The forward total pressure loss coefficient 
of O.36 is obtained for this model. The forward loss coeffi- 
cient is larger than predicted on the research diode. - The 
increase is due to the curved channel for forward flow. 

Models A and C of the prototype momentum diodes are the 
geometric extremes. The theoretical study predicts to within 
10 percent the expected total diode ratio for the Model A 
diode. Less exact agreement is obtained for Model C. The 
poorer agreement is due to the increased forward total 
pressure loss coefficient. 




<n 


Conclusions 


The study conducted on the momentum ('Tesla) flueric 
diode Indicates that fluid mechanic models can be postulated 
which describe the steady-state diode ratio as a function of 
geometry. The reverse flow characteristic is idealized as 
an interacting confined jet flow. Two models are posed to 
describe the mass^flow ratio as functions of the geometric 
parameters A and 0 , Both models are found to agree with 
results of the research model. 

The forward flow model is more difficult to formulate. 

•An empirical model is suggested and found to describe the 
forward flow behavior. 

Comparison of the prototype momentum diode performance 
with the theoretical prediction shows agreement. A theoretical 
value of total diode ratio is 4.58»1 for A equal to one and 
© equal to 45 degrees. The best experimental value of total 
diode ratio obtained for the prototype momentum diode is 
4. 07 i 1 . Agreement is considered good since the analytic 
fluid models are based on ideal inlet flow conditions. The 
advantage of applying known analytic fluid mechanics methods 
to flueric diodes to predict steady-state diode ratio is 
established. 
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Nomenclature 
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& 

H 0 ,Hi,H 2 ,H 3 
Kr , K tR 

Kp,K-tF 


* ^2 * 

Pt 

APbc» AP tBC 
^ p BL*APtBL 


A 

© 

A =H 2 /H 3 
^.= mj _/^ 3 


Area vector 

Force vector 

Momentum diode depth 

Momentum diode channel widths 

Nondiraensional static and total reverse 

pressure loss coefficient 

Nondimensional static and total forward 

pressure loss coefficient 

Momentum diode channel length 

Channel mass flows 

Static pressure 

Total pressure 

Static and total forward pressure loss due 
to the side channel 

Static and total forwai'd pressure loss due 
to the boundary layer 
Steady-state total pressure diode ratio 
Velocity vector 

Jet angle 
Channel ratio 
Fluid density 
Reverse mass flow ratio 



Separated Flow 



' — Stagnation Region 
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Summary 


Experiments have been carried out on a cascade type of fluid diode 
in order to determine the ratio of the pressure drop in the reverse-flow 
direction to the pressure drop in the forward-flow direction at the same 
Reynolds number. This ratio, known as the performance, has been 
found to be strongly dependent on the length of the diode, over the range 
tested. • 

A simple analysis of the flow has been undertaken, and expressions 
for the reverse flow loss coefficient have been obtained. 


DIQDQ A CASCATA 


Sono stati compiuti degli esperimenti sopra un tipo di diodo 
fluidico a cascata per determinare il rapporto tra la caduta di 
preasione nel »en*o difficile e la caduta di preasione nella di— 
rezione del flusso facile, mantenendo costante il numero di Rey- 
nolds. Questo rapporto, che e un indice del comportamento del 
diodo, e stato trovato fortemente dipendente dalla lunghezza del 
diodo, nell'ambito delle prove eseguite. 

E stata compiuta una semplice analisi del flusso e sono sta— 
ti ottenuti dei coefficient! di perdita per il flusso difficile. 
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Nomenclature 


A 

A f 

a 

C 

C 

c 

C f 

D 

d 

F 

f 

g 

K 1 

K 
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D 


R 


SF 


l 

N 

n 

AP 

P 

Re 

Re i 

S 

u 

u f 

V 

v f 

p 

p 

s 

Q 

P 

P 

r 


m 


Cross-sectional area of diode 

Area available for flow between cascades 

Projected area of each blade 

Drag coefficient of aerofoils 

Lift coefficient of aerofoils 

Blade chord 

Friction Factor for flat plate 
Diode diameter 
Central bar diameter 

Total force/blade in the direction of the diode centre line 

A ti 2 

Friction factor for pipe flow (A P = fip — ) 

D' 2g 

Acceleration due to gravity 
Forward flow loss coefficient 
Reverse flow loss coefficient 

Loss coefficient due to shear forces on diode wall and central bar 
Length of diode 

Number of blades per cascade 
Number of cascades 
Pressure difference across diode 
Blade pitch 

Reynolds number based on diode diameter 
Reynolds number based on length of flow path 
Shear force on diode wall, and central bar 
Mean velocity at diode entry 

Mean axial component of velocity between blade cascades 

Velocity of fluid approaching leading edge of blades 

Mean velocity of fluid approaching leading edge of blades 

Angle between flow direction and a perpendicular to the cascade axis 

Mean flow angle 

Stagger angle of blades 

Helix angle measured over 15" length 

Absolute viscosity 

Fluid density 

Diode performance 


T' Wall shear stress 




1 • I n t r o d u c t i o n 

The diode allows fluid to pass through it in one direction with a relatively low 
pressure drop, compared with the much higher pressure drop generated when the 
f eCtl °" 0f is reversed. It is therefore possible to use these devices'" circum . 
s ances in which it is required to limit the reverse flow in a fluid circuit c n ~h 

th°e"fl? ay be br ?" ght ab ° ut by a Sl: >'ge Clearly the fluid diode does not completely stop”' 

he use of^n" movi"; r o etU t r d V * 1Ve ' ^ ad — environmental ctdi^ns 

use 01 a non-moving part device can be desirable. 

. The ratl ° of the n ° w rates in the forward to the reverse-flow directions for 

Th ^ + u PreSSUre dr ° P across the is equal to the square root of the performance 

the performance” 6 "™!" oth : ° Wards Staining the largest possible value of. 

the cascade tvoe'm ,ho ° ther types of dlode exist, previous work (1) has indicated that 
de type ( ~ 2 ' showed good possibilities for development. 

2. Operating principle. 

The diode, Figs 1 and 2 , consists of several cascades of blades (usually fouH 

the^d tT h C t n bar W ! ithin 3 Circular pipe ’ In the forward-flow, or low-loss direction 
WadM d r th ° W m T y between the cascades, although eddies are set up between the 
blades. In the reverse-flow, or high-loss direction the fluid is deflected by the blades 
and Passed from one cascade to another. The flow deflections .are associated with mo 
flow ^ m the 3X131 direction which result ^ the relatively high resistance to 

The helical motion of flow is started more quickly by placing the blade cascades 
thVdioVe*’ 311 7 SSttlng the mitial blades at Progressively greater angles to the axis of 


3. Experimental app a r a t u s. 

,. Testing of this diode has been carried out in three seoarate ricrs Two o-r u- u 

ave already been described in a previous paper (1 ). The requirements^ this diode”" in 
rms of pressure and flow rate, were too great for the existing apparatus so a third ooen 
circuit rig was constructed, Fig. 3. This consisted of a positive displacement air com 
ressor, supp ying air to the diode via a flow-measurement orifice. The compressor 
was capable of supplying air , 0 the diode at a Reynolds No. of 1. 5 x 10* (based on d,ode 



diameter), against a pressure drop of 20 lb/in . The majority of the new experimental 
work described here was undertaken using this equipment. 

Flow visualisation was carried out by means of air bubbles in the previously 
described closed-circuit water apparatus. Flow directions could also be assessed in thu 
open-circuit air rig due to dust particles passing through the apparatus becoming deposited 
on the walls of the diode. 


4. Analysis of the performance of the fluid diode . 

An attempt was made to express the performance of the diode in terms of ijY> 
and p/D. The approach to the problem consisted of a combination of analytical methods 
and experimental results. The detailed analysis is given in Appendix I. 

The reverse-flo v coefficient was calculated on the assumption that each cascade 
of blades performed as if t was placed v/ithin a two-dimensional flow. The alignment of 
the blades to the axis of i - diode, together with the measured flow angles at inlet and out- 
let from the blade cascades, enabled resolved components of the blade lift and drag to be 
calculated along the diode axis. These forces, together with the additional drag force 
caused by the helical flow on the walls and centre bar of the diode, enabled a reverse- 
flow coefficient to be determined. 

A second expression for the reverse-flow coefficient was obtained by considering 
the momentum changes of the fluid when passing through the cascades. Equating these 
two values of loss coefficient enables an equation to be obtained for the flow angles. 

In the case of the forward-flow coefficient direct recourse to the experimental 
results had to be made. This was partly due to a lack of generalised experimental data 
being available for the blade geometry investigated. A further difficulty was that a com- 
bined analytical and empirical approach failed to predict sufficiently accurately the change 
of the forward-flow coefficient with change in helix angle. 


5. Discussion of results 
5, 1. Graphical presentation 

The performance of the diode, X, is defined as the ratio of the resistance 
coefficient in the reverse-flow direction to the resistance coefficient in the forward-flow 
direction. Both resistance coefficients are determined when the flow is such that is has 
become independent of Reynolds number. The Reynolds number at which this occurs is 
dependent on the length of the diode, but has a value of approximately 105. 

The resistance coefficient K is the ratio of the head loss measured across the 
diode to the mean velocity head in the pipe at entry to the diode. 


PV 2 

Dimensional analysis of the mode of operation of the diode indicates that 


where 
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A P 
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(see notation) 




is the Reynolds number. 


and vis proportional to the Resistance Coefficient Factor 

P u 

The ex P erlr nental investigation was carried out so that the effect on the resistance 
coe ficxent of changes in one dimensionless parameter was obtained while maintaining the 
remaining groups constant. 

Figs. 4 , 5 and 6 are representive graphs of the results showing K , K 

F R 


and 



plotted against Reynolds number. The conclusion to be drawn from these graphs is 
that Kp, K R , and H become constant at a Reynolds number of approximately 10^. The 
subsequent graphs show Relationships which are only applicable to the Reynolds-number 
range above 10 5 . 

Fig. 7 shows the variation of K R with -if D. The majority of these results were 
obtained from the open-circuit apparatus, and for a single value of pitch, p/D = 0. 109. 

The graph is linear, but does not pass through the origin. This type of characteristic is 
frequently obtained when a series of similar objects are placed behind each other, see 
Idel chik (3). The shape of this graph is of primary importance in the determination of 
the form of the Z versus ij D function. 

Also shown in Fig. 7. are values of K obtained with the blades inclined at 
angles of plus and minus 10° to a normal through the axis. Although only two points were 
obtained for each of these graphs it can be seen that in each case the gradient of the line is 
less steep than when the blades are positioned at right angles to the axis. The reasons 
for this are discussed later. Fig. 8 shows the variation of K with ^/D for different values 
of pitch and two helix angles. At present the most comprehensive series of results exists 
for p/D = 0. 109 and 6 = 90°. A reduction of the helix angle from 90° to 60° results in a 
reduction in K R . Changes in pitch, which were mostly carried out in the previous work 
(1), do not change K markedly over the range tested. 

Figure 9 shows the variation of K R with t/D for different numbers of cascades. 

The gradients of these lines are a non-linear function of the number of cascades since 
each additional cascade causes a reduction in flow area, and hence an increase in the 
velocity of flow. 

The variation of the reverse-flow coefficient with//D, and p/D is shown in 
Fig. 10. For a given //D, K R increases with decreasing p/D. This trend was observed 
previously (1) but is now shown over an extended range. Since the main experimentation 
has been with p/D = 0. 109, results for this pitch cover a wider range than for the other 
values, and thus these results are shown separately in Fig. 11. For -^/D> 2 there is 
clearly a linear relationship between K and t /D for p/D = 0. 109, and 8 = 90°. Also 
shown is the relationship between K R and 4 jH for S = + .10°, and - 10°. Although these 
lines are drawn through only two pomts each, and hence their linearity is not established 
it is clear that the value of K R has been very substantially reduced. Also shown are a 
few results for different helix angles. It would appear that the effect on values of K of 
increasing the helix angle from 0° to 60° is not as great as a change from 60° to 90° R 

The purpose of the helix is to aid the formation of the rotating flow within the 
diode, and hence the value of K R . At the same time, however, K could be increased 
causing a reduction in performance below that which would otherwise be obtained. It was 
thought possible that once the helical flow has been obtained it would continue without the 
use of a helix. In order to test this idea an experiment was carried out in which the initial 
blades of the diode were placed on a helix, and the remainder were placed on a straight 
central bar. (see Fig. 10). Although the flow continued to spin there was a reduction in 
the value of the reverse-flow coefficient. A second experiment in which the number of 
blades on the straight bar was increased caused a further decrease in the value of the 
coefficient. Further analysis of Fig. 10 suggests that there were insufficient blades used 
on the helical central bar to develop fully the spinning flow before its transference to the 
straight section. Fig. 8 shows no significant change in the forward-flow loss coefficient. 

The variation of with^/D for two and three cascades is compared with the 
results for four cascades in Fig. 12. The gradient of the linear section of the curve of 
the results for two cascades is approximately 1/8 the gradient of the curve for four cascades 

As both K r and K R vary linearly with f/D it is a simple matter to calculate 
the performance as -?/D-><», assuming that these relationships do not change. The limiting 
value of the performance is 354 and is shown on Fig. 13. The curve on Fig. 13 shows the 
variation of performance with t/D, and has been calculated from the K and K versus 
nf/D curves. F R 



Ill 


Previous work (1) has shown that for a given number of blades the optimum 
p/D ratio is 0. 109. For a given length, however, the smaller the pitch the greater the 
number of blades, and since the forward-flow coefficient is little affected by pitch the 
overall result is to raise the performance. Fig. 14 shows £ plotted against II D for 
various values of pitch and constant helix angle. 

The shapes of the performance curves plotted against *^/D, Figs 15 and 16, 
with n, and Q as further parameters are dependent on the shapes of the K and K versus 
* / D curves already discussed. In general I increases with */D with* further increase 
in performance brought about by raising the helix angle or the number of cascades. For 

a given length of diode the variation of performance with helix angle is clearly shown in 
Fig. 17. 

The fluid leaves the diode with a spinning motion around the. central axis. 
Therefore it must be questioned whether * e use of static-pressure tappings in the wall 
of the diode can be used to determine its rformance accurately? The effect of the 
rotation would be expected to cause a pos..ive pressure gradient from the central axis to 
the outer wall. Thus the use of wall pressure tappings could be expected to underestimate 
the performance of the diode. In order to test this a pipe of length 75 pipe diameters 
was placed on the downstream side of the diode outlet diffuser, in order to allow the 
spinning motion to be attenuated by friction. Measurements of the pressure loss across 
the diffuser and outlet pipe indicated that at the maximum flow rate tested the reverse- 
flow coefficient was raised by 5%. It was considered that this was sufficiently small for 
no corrections to be made to the values of loss coefficient. In order to raise the perform- 
ance of the diode by 5% it would be necessary to remove the swirl and add no further res- 
istance in the forward-flow direction. An experiment in which a matrix type of flow 
straightener was fitted immediately after the diode showed no increase in the reverse- 
flow coefficient, although the swirl was considerably reduced. 


5. 2. Theoretical predictions 


Appendix I estimates that the value of the loss coefficient due to the helical flow 
on the diode wall and central bar is 0. 38 ( ^/D) 0 ' 8 This value is applicable for a flow 
Reynolds number of 1CP and zero stagger angle. The stagger angle is the inclination of 
the blades to a normal passing through the cascade axis. For a circular pipe with a 
relatively smooth surface the loss coefficient could be expected to be 0. 035 (-^/D), again 
for a Reynolds number of 10^. Hence the calculations estimate that the helical flow path 
has caused the friction loss to be increased by a factor of approximately ten. Exper- 
imentally it was not possible to separate the wall shear losses from those produced by the 
blades, as the blades must be in position to impart the rotating flow. Measurement of the 
total losses, however, indicates that the friction losses are small compared with those 
produced by the blades. 


For the case of zero stagger angle the gradient of the'K versus -^/D graph. 

Fig. 11, was found to be 510 in the linear region. This can be compared with 538 and 
400, predicted by the blade theory and the momentum method respectively. It should be 
noted that the measured flow angles, and / S 2 » n em P 1 °y e d in the calculations, only apply 
to the linear region. For a stagger angle of +10 the two points on Fig. 11 give a gradient 
of 160. For this stagger angle the blade theory and momentum methods predict values of 
gradient of 357, and 230 respectively. It is possible, that for S = +. 10°, the value of 
/D at which the gradient of the K R versus 4 /V> graph becomes constant may be greater 
an or when 8-0. Thus the two points on Fig. 11 may not indicate the gradient of the 
linear part of the curve. Therefore, a direct comparison of the measured and predicted 
gradients for 6 = + 10 may not be valid. It can be noted, however, that the change in 
stagger angle has resulted in a reduction of the gradient, and that the measured change in 
flow angles results in lower gradients being predicted by equations (5.) and (14). 

Although, for zero stagger angle, there is good agreement between the measured 



h ^ and that Predicted by the blade theory, this is not so for the pre- 

diction by the momentum method. It should be remembered that assumptions of two • ' 
dimensional flow, and constancy of flow angles along the span of the blades were made 

thus ^rM te eqUatl ° ns f ows that the v alue of the gradient is sensitive to the flow angles 
us greater accuracy could be obtained by measuring the mean angle of flow rather than ' 

bv theMe of b ? hlnd 1116 aer ° f ° ils - Further -accuracfes have been Produced 

mein ve ocitv mav a diS f 1 ^ ^ ^ ^ pathS are SUch that the effective 

mean velocity may differ from that given by equation (2). 

inlet anrle SOl TWe °J eq “ atl0n (15) for zer0 s, *** er angle gives a value of 37° for the flow 
angle. This can be compared with the value of 30° determined experimentally. 

„ n . , ,, th ex P eri ments in which the stagger angle was - 10 it was observed that 

fonr der n b tl e + Saparatl0n of the flow was taking place from the convex surface of ‘the aero- 
oils, and that the separation was initiated close to the leading edge. • A consideration of 

e geometry of a diode with cascades whose stagger angle is negative shows that the fluid 

the ca W sca g de 0 & Thfs^d PreSSUre than that which is Prevailing on the inlet side of 

the cascade. This adverse pressure gradient is the cause of the early separation and 

renders the analysis invalid for negative stagger angles. The flow separation reduces the 

volumetric flow rate over. the aerofoils by means of a reduction in the effective area be- 

results PairS °H blad6S : . J hlS ' to S ether with any adverse effect on the lift coefficient 

coefficient r Thfr a H ia t e ^ being devel °P ed ' and hence reduces the reverse-flow 
coefficient. The reduction in reverse-flow coefficient can be seen in Fig. 11. 

6. Conclusions 

The performance increases with the length of the diode. The maximum value 
determined experimentally was 181 for */D = C. The linear variation of K and K 

,or large Ssof v'd" ° f the porforma "« ° f 354 should F be appr&chcd 

and Reynolds^ number^ in "* aPPU ° abIe f ° r * ^ I09 ' 4 

The best performance is obtained with the blades set at right angles to the diode 
ax.s, and or a given number of blades the use of four cascades is better than three or two. 
flow in ^ possible to predict theoretically the approximate rate of change of reverse- 

oss coefficient with l, D, in the region in which the flow angles remain constant 
The analysis is also sufficiently representative of the flow to demonstrate the change of 
oss coefficient brought about by changing the blade stagger angle. 

7. Acknowledgements 

r ,. , , The heIp given fc i" the Propulsion Department of the College of Aeronautics 

and equipmen ' ™ tpp thp -p -— 3 i/' 


References 



2. Kantrowitz, A. Fluid flow rectifier U.S. Patent 2, 925, 830. (February, 1960). 

3. Idel'chik, I. E Handbook of hydraulic resistance; coefficients of local resistance and 

of friction. Gos. Ener. Izd. - Vo. 463pp. (1960) In Russian. (Translation by 
Israel Program for Scientific Translating for the U. S, A. E, C. and Nat- 
lonai Science Foundation, U. S. A. Available from U. S. Dept, of Commerce, 
. S. T. I. , Springfield, Virginia 22151, as report AEC-tr- 6630 ). 

4. Emery J.C.etal. Systematic two-dimensional cascade tests of NACA 65-series compressor 

blades at low speeds. N. A. C. A. Report 1368, 85pp. (1958). 



ir$ 


Appendix 

Reverse-flow loss coefficient 
a) Pressure loss due to aerofoils 



Let F be the total force/blade in the direction of the centre line due to aerodynamic lift 
and drag. 



It is assumed that the flow over the cascades is two dimensional, and that the mean flow 

angle is applicable over the full span of each blade, and over the length of the diode under 
consideration. 


Where 



P 

tan is given by 


velocity of fluid approaching blades. 

Area of each blade, 
lift coefficient of blade. 

drag coefficient of blade. 

mean flow angle, determined from blade inlet and outlet angles 
Z 5 j andyS^ respectively. 

density of fluid. 


tan y3 


m 


| tan/^-ta ny3 Ref. (4). 





V f can be related to the mean velocity of flow, U, in the inlet section of the diode by 
the equation of continuity, ^ 


UA 


V f A f Sin /J 


m 


-( 2 ) 


where A represents the cross-sectional area of the inlet section of the diode and A, 
represents the free flow area between the blades. ’ f 


wherd 


D 

d 

c 

n 


|(D 2 -d 2 )-|(D-d)c 

diameter of diode 
diameter of central bar 
blade chord 
number of cascades 


For the size of diode tested in these experiments 


A 

A, 




m 


Ihe loss coefficient is defined as the ratio of the head loss across the diode to the 
upstream velocity head. 

2 gn N F 

- ----(3) 


Thus K 


R 


/* U 


where N = 

• and g = 

Substituting equation (1 
and c, the following is obtained 

K 


the number of blades/cascade 
the acceleration due to gravity. 


and (2) into (3), and re-writing A, and A in terms of I), 


H - n N <A f > £ ^7 )Cosec / 3 m [ C L Cot /V C D ] 

or, in terms of the length and pitch of the diode: 

K 


<A. 2 c(D-d) D „ 
n A j 1T7 p Cosec / s. 


C. Cot/ + cJ4 
L r m DJ D 


(4) 


(5) 


R z f > m ^ _____ 

The pressure losses associated with the sudden contraction and expansion of the flow, 
at inlet and outlet from the diode, have been ignored as they are small compared with 
those produced by the aerofoils. 


b) Pressure losses due to shear stresses at diode wall and central bar. 


S 


a 

•** Pm 

S Sin 

A m 


Development of wall of dio de. 

The flow within the diode is helical, and thus the resolved part of the shear force S 
must be obtained to determine the pressure drop due to friction. 

Suppose the wall shear stress is T , then: 

S = T" v D £ for the outer wall 

Similarly the central bar also contributes to the friction an amount 'X TT d ^ 



( 6 ) 


Thus the total wall shear stress is given by 

S t = TlTif(D + d) 

Equating the pressure forces across the diode to the shear forces gives 

APj(D 2 -d 2 ) = Tt* (D +d)Sin B 
* ' m 

or AP 4 

^ = (Did) TSin ^ m --(7) 

The shear stress can be written in terms of a friction factor 
T = r PV 2 

C f ~2g~ (8) 

If we consider the flow over the walls of the diode to be similar to that over a flat 
plate it then becomes possible toestimate the shear stress. 

For the turbulent flow over a flat plate 

C f = 0,074 Re f -°- 2 (9) 

Where Re f = the Reynolds number based on the length of the flow path. 

Substituting (8) and (9) into (7) gives 

4 p = (W/l; x 074 Re f 2 

Re-writing V in terms of U, and -Re in terms of Re gives: 

K = ^AP = 4D ^ 0. 074 x 1.7 1 ’ 8 , t , 0> 8 Re' 0 ’ 2 . . 

SF 2 X q~ g ( ) 10 

P U (D-d) (Sin B )°- 6 D 

r m 

The total reverse flow loss coefficient is given by the sum of equations (5) and (10). 


c) Predicted numerical values of K 
R 


The experimental diode had the following dimensions: 


A 


c 

D 

d 

n 

P 


1. 7 

1 in. 

5. 5 in. 
1. 5 in. 
4 

0 . 6 in. 


The inlet and outlet flow angles, B and B respectively, were measured, and 
are shown in the following table. z 

Also shown are the values of a. C C , and the calculated value of K -5 for 
two values of stagger angle. m u L R^c 



due to aerofoil lift and drag. 


o 

S 



F> ° 

m 

C L. 

C D 

K 5 

k r* 

0 

30 

10 

11. 3 

1. 38 

. 067 

538 

10 

22. 5 

0 

11. 7 

. 98 

. 064 

357 


Taking a typical Reynolds number of 10 , the loss coefficient due to shear 
forces from equation (10) is- 

K SF ■ 0.38(i)°- 8 ,or^ tn = 11.3° 

Thus the contribution towards the loss coefficient is very small, and in 
many cases it can be neglected. 


d) The determination of K R from momentum changes. 



Flow between a pair of blades 
The change in the axial velocity of the fluid is given by: 

= V f Cos/3 m (tan yS ^tan p ) 

The geometry of the blades is such that the inlet velocity can be taken as V, 

Cos/3 
r m 


-( 11 ) 


where V 


V 


f Cos p 


-(12) 


Therefore, the rate of change of momentum in the axial direction caused by fluid 
passing between a pair of blades 

n? Cos 2 /3 

■ TT (D - d| P cos / B i m (tan / i l ttan / 8 2 ) - (13) 


the force F exerted on each blade. 

Since there are nN blades, and the effective cross-secional area is A , the loss 
coefficient can be obtained by substitution into equation (3) f 


K 


R 


n (A ) 2 D(D -d) tan '°l + tan / a 2 i 


A, 


Cos^ tan^ 


m 


D 


( 14 ) 


Substitution of the nnl values into equation (14) shows that 

/ 

— A r\ r\ 


K 


R 


D 


400 




e) Theoretical value of p> 

Equations (5) and (14) are two separate expressions for K R . Elimination of 

K r from these two equations, and assuming C Q is negligible compared with C Cot p 
results in:- L m 

cC L C ° S ^l = 2 P Cos ^ m ( t an / S 1 +tan^ 2 ) - — (15) 

Solution of equation (15) shows p' = 37°. 
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ABSTRACT 


. A comparative study of three types of fluid diodes operating on entirely different 
principles is presented in this paper. 

Particular emphasis has been placed upon correlating the performance defined as the 
ratio of the pressure drop in reverse-flow direction to the pressure drop in the forward- 
flow direction under steady-state conditions over a range of Reynolds numbers. 

The ^ results of geometrical modifications made to these three diodes in order to im- 
prove their performance are also reported. 
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NOMENCLATURE 

A 

d 

g 

h 

L 

P 

P 

Ap 

V 

x 

0 . 

e 

y 

p 

Subscripts 

F 

R 

S 

i 

t 

x 


Flow area 
Pipe diameter 
Gravitational constant 
Step height (Scroll Diode) 

Length of cascade 

Blade pitch 

Absolute pressure 

Pressure drop across diode 

Mean fluid velocity at entry to diode 

Width of annular gap between cup and venturi (scroll diode) 

Leading blade angles 

Helix angle measured over 15" lengph 

Absolute viscosity 

Density 


Forward flow direction 
Reverse flow direction 
Static condition 
At inlet section (Scroll diode) 

At throat section (Scroll diode) 

Flow section between cup and venturi (Scroll diode) 
at a 2" radius from axis 


Dimensionless Parameters 


I 


K 


Re 


fa 


2gAp 

pv 2 


pvd 


Performance ratio* 


Resistance coefficient factor. 


Reynolds Number based upon inlet pipe diameter. 



INTRODUCTION 


Interest has recently been shown in the 
whose characteristics are that it imposes (a) low 
m one direction and (b) high resistance when the 


possibilities of using a fluidic device 
resistance to fluid flowing through it 
flow direction is reversed. 


is that it T h^ m ni n ad y anCage of a fluid valve, or diode, over the usual mechanical type 

Its main disadvantaged cha^it iin^VlJ 1 COmpleCely at the instant of operation. 
» 1S cnac 1C wlU n °t fully prevent the reverse flow. 


Shows tha- M mnL flUi u i i0d t desi§ns have been suggested, but a review of the literature 
shows tha. most work has been concentrated on the Vortex diode. literature 


tex diode 
that the 
as 50:1. 


in-order td^d b^* Carried out experimental investigations on the vor- 
r to find its optimum performance. The result of Zobel's studies is 
ratio of reverse flow pressure loss to forward-flow pressure loss can be as much 


, . . In 0rdar , t0 as , sess the relative merits of the vortex diode and two other fluid 
of these i!tte r W 5eS a rs rK ^ princi P les ’ an investigation into the performance 
vortex diole § WaS ° Ut * A UmiCed number of tests were alsS made on a 


The two other designs, namely the scroll diode and the fluid-flow rectifier 
were based on patents by Linderoth (3) and Kantrowitz (4) respectively Neither of 

b r '•«*-*• 3U "™ ? " th » 

g £ st c - a - tne ; wou ld give a oecter performance than the vortex diode. 

_ The work was initially started through a U.K.A.E.A. contract which pre- 
determinea tne overall dimensions of the three diodes. 


OPERATING PRINCIPLES OF THE FLUID DIODES 
Vortex Diode (Fig.l) 

. - t ^ le res^s Lance direction of flow the fluid enters the diode through the 

tangentral port ana forms a vortex . Owing to this vortex the flow achieves a high dynamic 
V d ^ t£ e centre of tne chamber. This head is destroyed when the fluid.discharees 
through the axial port in the centre of the chamber, this giving the high flow resistance. 

, , In the low-resistance, or forward-flow direction, the fluid enters the chamber 

he a V al P ° rt and leaves through the tangential port without forming a vortex 
and only a small pressure loss. s vortex 

Scroll Diode (Fig. 2) 

. . , ^ is 4 diode works on the principle that in the high-resistance direction of flow 
the high velocity jet at the throat of the venturi tube separates from the walls and enters 

ntrt tl CU V The fluid thSa spinS o back on icsal f ™d is subjected to a SrthJfd” 

thr ° 1 U3h an anglE ° f abo y C 180 b *f°- it merges from the diode through the re- 
tracted annular space between the cup and the venturi tube. In addition, thedpid 

expansion of the fluid behind the cup provides a further head loss. 

, I ? forward or low-loss direction of flow, the fluid passes smoothly throueh 

the diode without entering the cup. The venturi tube should also be designed for maxi- 

minimuJ! SUre rSC0Very S ° Chat the ° vera11 resistance to flow through this device is a 



Fluid Flow Rectifier (Fig. 3) 


In the forward-flow direction the space between the\cascades provides an unob- 
structed passage through which the fluid passes. The blades at the entrance to the diode 
help to guide the flow into each of the passages. The small head loss in this flow dire- 
ction is due mainly to the eddies formed on the downstream side of the aerofoil sections. 

When. the fluid flows in the reverse, or high-loss direction, the blades impart 
a circumferential direction of movement to the fluid. To initiate this helical flow, the 
first few blades are set at progressively greater angles to the axis of the rectifier. 

It is also preferable if the outlet angle of the majority of the blades is set to direct 
the fluid leaving the blades against the flow between the blade cascades. 

A modified form of this design s to set the cascade on a helix. This gives the 
open passages a slight helix so that a r ponent of circumferential flow is imparted to the 
forward flow stream through the rectifie. . 

In the reverse-flow direction the leading edge of each blade is unobstructed by 
the blade above. This permits the blade to impart circumferential flow to the fluid much 
more quickly than with the blades located directly behind one another. 

The result expected is for a slight increase in resistance in the forward-flow 
direction and a much larger increase in the reverse-flow direction giving an overall im- 
provement in performance. 

EXPERIMENTAL APPARATUS AND PROCEDURE 


During the early stages of this investigation a closed circuit water rig Fig. 4 
was used to test the diodes. The main advantage of using water as the working fluid was 
that visual observations of flow patterns could be made, either by dye injection through 
the walls of the diode or by observing the movements of small air bubbles in the water. 

The centrifugal pump in this rig could produce a maximum head of 75 psia and 
steady flow rates up to 300 g.p.m. through the working section. 

A small "Airhydropump" was also incorporated to raise the static pressure of the 
circuit to any desired level up to 60 p.s.i. 

The majority of the results were obtained on a closed circuit air rig Fig. 5 
driven by a 16" s.w.g. centrifugal fan delivery 620 c.f.m. The main advantage of the air 
rig is that two-phase flow and cavitation effects were eliminated. The maximum Reynolds 
number obtainable from this circuit was only half that achieved with the water circuit, 
but for the majority of the tests the loss coefficient had become independent of Rey- 
nolds numbers before this limit had been reached. For those tests where the loss coef- 
ficient was still Reynolds-number dependent the flow rate range was extended by pressur- 
ising the^circuit and thus increasing the density of the air. 


DISCUSSION OF RESULTS 


The performance of the three diodes is defined as the ratio of the resistance 
coefficient in the reverse— flow direction to the resistance coefficient in the forward- 
flow direction at the same Reynolds number. 

K 

v _ reverse flow 
^ K 

forward flow 

where the resistance coefficient K is the ratio of the head loss measured 
the diode to the mean velocity head in the pipe at entry to the diode. 
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Vortex Diode 
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being 
(a) 


These tests were carried out on the water rig Fig. 4. The two main objectives 


to determine the performance characteristics of a vortex diode designed for a speci- 
fic application. 

(b) to determine the effect on performance of different static circuit pressures. 

, , Over the test range the performance. Figs. 7, 8, and 9, of the design Fig. 6 was 

i-ound ^to .be independent of Reynolds number and equal to 12.5:1. In view of the increase 
in efnciency measured by Heim(l) when projecting the axial pipe into the vortex chamber, 
it was decided to attach a nozzle to the axial pipe projecting it to half the depth of the 
chamber, (ttm opt mum. condition found by Heim(l) ). No significant change in resistance 
was noted m tne forward-flow direction Fig. 9 whereas in the reverse-flow direction the 
experimental results show that . the _ resistance coefficient levels off at a lower value than 
rcr the original design. It is likely that this is caused by the vortex being of decre- 
ased^ strength due to the effective reduction in the size of the chamber. The results 
confirm Heim's observation at low flow rates. However his work does not indicate what 
would happen at high flow rates. On the other hand measurements made by Heim(l) suggest 
that the smaller the vortex chamber, the less effective the diode becomes, which would 
appear to support the above reasoning at high flow rates. 


To determine the efrect on performance of different static circuit pressure, 
tescs were carried^out on the original design both with and without the axial nozzle. The 
results Fig. 10 indicate that over the range of static pressures tested, the performance 
remains independent ^ of static pressure. Tne only effect observed was that the first ap- 
pearance of the cavitation core at the centre of the vortex was suppressed by increasing 
static pressure. a 


Cavitation shown in Fig. 10 did not affect the reverse-flow performance over the 
range of flows tested^ a conclusion confirmed by Heim(l) in his work. On the other hand 
Heim(l) ^did find that in the forward direction of flow cavitation in the throat of the 
t-angen<_ial port can make a considerable difference to the forward-flow resistance. In 
tnis work cavitation was not present in the tangential port during any of these tests. 

The ^ poor performance of this particular vortex diode appears to be due mainlv 
to the following factors:- 

(a) The vortex chamber to axial port diameter ratio was restricted by the space available 
to 50% of Zobel f s optimum design. 

(b) The maximum velocity through the diode was limited to 40ft /sec because of cavitation 
considerations. 


(c) It was necessary for the flow to pass through a right angled bend close to the axial 
port Fig. 6, again because of the limited space available. 

Scroll Diode 


Tests on the original design Fig. 12 for At/Ai = 0.324 gave a disappointing per- 
f n man cp Fig. 13, th« bent ttdapureri value w^q r- 1.7. Observations of flaw pattarne obt- 
ained by dye injection showed that the jet leaving the throat of the venturi was not 
penetrating sufficiently into the cup to set up the required swirl. 

Some ^ improvement was observed when the cup and Venturi were brought into closer 
proximity. This observation was later confirmed quantitatively by improvements in per- 
formance Fig. 13. 

In order to improve further this penetration other models were made with smal- 
ler venturi throat diameters to increase the velocity of the jet. It was also thought 
that an annular forward-directed step suggested by Linderoth (3) would make the flow 
separate from the wall and be directed towards the axis of the cup -in the form of a free 



& 20 are the values of loss coefficient for 


. . , A nunltler °f tests carried out to investigate the effect of thi=: 

wi varying height showed only a small improvement in performance. P 

-sw-s- " 

ign Fig. 15^ 6 m ° dif icacions led co che testing of six variations of the basic des- 

For all these six designs the results indicated in general that for Revnolds 
numbers greater than 5 x 10* the performance becomes independent of R yn 1 n 2 e r 

nden r e a X °f ^ lw K «tes ; tested . In the particular examples shown in F^.IS.U U8 Ih s 
independence is observed to occur above a Reynolds number of 3 x 10 4 . 

The results plotted in Figs. 13, 19 
Reynolds numbers greater than 5 x 10 4 . 

Fics 19 4 To* “J 1 * ^a^eristic of the K R and K p v A Vi curves for constant At/Ai 
off to constL ^ f f^rst they fall rapidly with ii .-easing Ax/Ai but tend to level 
off to constant value for Ax/Ai greater than 0.25. The overall result is that the Inc* 

ur^eaiuL^rsL 1 ^:?^:? 6 of the spacins b — the 

tion Fig.iS e aiff e ^f:L^ 8 nr^:^ t 2:r s> e,g - removal of the venturi step sec - 

, . I “. this . Particular example the value of has been reduced below that of 

met^^s s 8 maller Wln 4e t0 * more . rounded ^^ntrace to tie throat even though the throat dia- 
meter is smaller. The conclusion is that the performance of this diode is verv sensitive 
to small changes m profile in the region of the venturi ste P section 7 

avo Vi v -^ n Flg T 3 ’. thr f e 0f the curves show the same general shape and the indications 

trl„£ rmai,,1 ” S th ” e ' “ Ch 0f Whi ' h ls »' “l? two Joint,. ^UofSu,! 

Therefore Sj f °? d * si * n oc “ ts in the «8ion of Ax/si . 0.08. 

nearly independent of tSe 5 - CUP 6 t0 the ventu ^ peak performance is very 

nearly independent of the design changes introduced in these experiments. 

for At/Ai =^0.045^ tested ac P resent Fig.l5e gives a maximum performance of 6.6:1 


nn „, Mn , ° r th6Se par , tLcular experiments a complete correlation of the results was not 

po sible because several of the parameters were changed in each of the six designs a 

situation brought about by the requirements of the specific application. A systemaJicstudv 

lLul h , *1 ? P r f0mance ° f chan 8 es in each parameter is still requtrT sL U n- 7 

dLde in wh?t ^l 3S beSn Carried out b y Geor « e '(5) on a wedge shaped section of the scroll 

Lei. T^e resu tl Vr^lllsTlt ** 6336 thr ° U * h the P ««P“ walls of L 

om this work are m general agreement with those obtained from 

the axi-syrmnetrical design, and further, the flow patterns at the maximum obtained P er- 
formance are very similar to those sketched by ' Linderoth' (3) in his paper. 

The conclusion. is that the best reverse to forward flow pressure drop obtain- 
able from this type of diode will of the order of 7-10:1. 

FLUID FLOW RECTIFIER 


The most important parameters influencing the performance of this diode are 

(a) The pitch and number of blades per cascade 

(b) The number of cascades 

(c) The helix angle of the cascades 

(d) The blade profile 

(e) The blade angles 

(f) The overall diameter of the diode 

(g) The fluid properties. 


\N 



In the present 
cascades were not studied 
mens ioril ess groups. 


investigation. the effects of varying blade profile and number of 
. The remaining parameters therefore lead to the following di- 


AP 


_2 

pv 


ovd 

U- 


s ,e, L/d, p/d 


(See notation) 


where pvd is the Reynolds Number 

y 

and _AP is proportional to the Resistance Coefficient Factor. 

_2 

pv 

The . procedure adopted for this design Figs. 21, 22, & 23 was to determine the effect 
of one dimensionless group on performance whilst keeping the remaining groups constant. 

For ma jority of these tests the closed circuit air rig was used although 
to observe flow patterns some tests were carried out with the water rig. 

Figs. 24,25, 26 are typical curves for Kj.,-1^ and I v . Reynolds number. 

In the forward-flow direction K_ would appear to become independent of Reynolds 
number above Re = 6 x 10*. In.the reverse-flow direction the point at which the loss 
coefficient appears to become independent of Reynolds number increases with length from 
Re=4xlCn for L/d = 1.36 to Re=12xl0 4 for L/d = 2.6. 


. . ® ver the ran S e tested (helix angle=60 ) the forward-loss coefficient was found 
C ? k ln ^ e P £I } de J lt: of b lade pitch Fig . 27 .whereas the reverse-loss coefficient varies both 
with blade pitch and cascade length Fig. 28. Since K_, is independent of pitch it follows 
t at the performance curves Fig. 29 are dependent for their shape on the Kr.v. L/d curves 
A reduction in pitch, i.e. a larger number of blades for a given cascade length, results 
m a greater pressure rise in the reverse-flow direction. This greater pressure rise is 
reflected in the gradients of the Z v L/d curves. Similar trends are shown for a larger 
helix angle (6 = 90°), Figs . 27 , 30 and 31, but for a cascade of given pitch and length 
both Kp and increase with helix angle over the range tested. 


Observation of flow patterns using water clearly showed that small eddies are 
formed behind each blade in the forward-flow direction. These are the main contributors 
to. this head loss. In the reverse direction of flow the observations confirmed that 
spinning flow is obtained over 90% of the cascade length. 


.The pitch/diameter ratio Fig. 32 for maximum performance is approximately 0.11 
for a helix angle of 60° and this value is independent of the number of'blades per cascade. 
A comparison of Fig. 32 and 33 shows that the pitch/diameter ratio for best performance 
has decreased with a larger helix angle. 


The effect of increasing the helix angle of the cascades from -60° to +90° is 
to considerably improve the overall performance of this design Fig. 34. This is brought 
about mainly by the improvement in the reverse loss coefficient. The greater the helix 
angle, the less the obstruction of the leading edge of each subsequent blade. This 
permits the blades to impart circumferential flow to the fluid much more readily than 
with the blades located directly behind one another. 


On the other hand, the passages between the cascades have the same helix angle 
so t at the forward-flow head loss will also increase with increasing angle. It can be 
expected. therefore that there will be a critical helix angle beyond which the performance 
will begin to fall, because the forward-flow head loss will become the predominant factor. 


For any given number of blades tested there is 
ai_ a value of Pitch/diameter ratio of approximately 0.11 
unaltered by a change in helix angle from + 60° to + 90° 


a peak performance which occurs 
Figs. 32 and 33. This value is 


e ^ ecc of increasing the number of leading blades with varying angles Fig. 
3^ is to reduce the overall performance for short lengths of cascades. For long cascades 
the performance is unaffected for these particular angles. 



I 


In the reverse-flow dire 
pipe contribute a greater pressure 
the axis. Consequently it would b 
angled blades the higher the loss 


c t ion , the blades at right angles to the axis of the 
rise than the leading blades which are inclined to 
e expected that the greater the proportion of right 
coefficient. 


All test results indicate that the greater the cascade length the better the 
performance. Inspection of these results suggests that the performance will D ass through 
a maximum as the length is _ increased. This will be brought about because the' increasing 
loss m the forward-flow direction will, eventually have a predominating influence. It" 
is also expected that this critical length will vary with varying pitch/diameter ratio. 

, !• Further investigation will be made on this diode to establish the optimum 

elix angle and length and also the associated optimum performance. 


COMPARISON OF THE THREE DIODES 


designs . 


Table 1 Fig. 36 gives the best performance data so fa obtained from the three 


The results show that the Vortex diode gives the besc overall performance 
and a smaU forward - flow loss coefficient. The main disadvantage of this design is 

a for a given flow rate its overall size will be much greater than that of the recti- 
fier and_ scroll diodes. 

• ^ ■ B0C ^ k f C ^ es f lattel f designs are geometrically more suitable for fitting into 

a pipeline, although the rectifier would be more expensive to produce and more liable 
to mechanical damage by the passage of foreign bodies. 

, Unfortunately, the scroll diode not only has a poor overall performance but 
cou d e expensive to operate as the forward flow loss coefficient is extremely high. 

. som f applications a relatively high pressure drop in the forward-flow dir- 

ection, can be tolerated in order to achieve a very high pressure drop in the reverse 
direction. The scroll .diode would fit this requirement, although it is important to 
realise . that the addition of flow restrictors to the rectifier and vortex diodes can ach- 
ieve a similar result, but at the cost of a reduction in their overall performance. 

. Xs bought that the results of further investigations into the optimised 

design of the rectifier will produce figures comparable with the vortex diode but having 
tne above mentioned advantage of passing much larger quantities of fluid on a size for 
size comparison. 


a liquid^ is used, cavitation is less likely to occur in the rectifier 
because the local fluid velocities are much lower than in the vortex diode. 

CONCLUSIONS 


The principal conclusions to be drawn from the experimental investigations are 

as follows 

(a) The vortex diode tested gave a best performance of 12.5:1, although it is- known 
that performances as high as 50:1 have been achieved. This considerable disparity was 
due to limitations imposed by design requirements of the particular application. The 
low forward-loss coefficient of the vortex diode compared favourably with that of the 
fluid flow rectifier. 

(b) The performance of the scroll diode was not encouraging giving a maximum ratio of 
on^.y 6.6:1, It also has a very high forward-loss coefficient which would be undesirable 
for most applications. 

( c ) The fluid flow rectifier gave a best performance of :1 and a relatively small 
forward-flow head loss. It would probably be more suitable geometrically for most appli- 
cations than the vortex diode, although more expensive to manufacture. 

The work so far carried out shows that further experimental investigations are 
necessary particularly on the rectifier before optimisation is achieved. 
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FIG. 15c MODIFICATION 3 
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FIG. 19 SCROLL DIODE 


1200 


IOOO 


800 


3^ 600 


400 


200 


V. 













o At/A( 

* At/Aj 

A At/Ai 

- 0*028 N 
* 0 072 
- O • 04 5 / 

L.. . 

At /At a 0 
At/A| ■ O 
At/A| • O 


■125 

•125 

— V 












K 


^5= 

=S" 




0*1 


0-2 0-3 

Ax/Ai 


0-4 


0-5 


0 6 


FIG. 20 SCROLL DIODE 





























c 



FIG. 31 FLUID RECTIFIER 
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Dr, P.J. Baker communicated the following addition to his paper D6 

A point I would like to make with this paper is that the three 
designs chosen were for a specific application for the Atomic Energy 
Authority. The reason why we chose in particular the scroll diode and 
the fluid rectifier was because both these designs, which incidently are 
patented, claimed that they were giving extremely high performances of 
the order of aboiit 100:1. For this reason, these particular designs 
were chosen. 

Another point is that the pure fluid rectifier’s maximum performance 
is recorded in this paper as 31 il. but since this paper has been written 
we have • donfe some more tests and by extending the number of blades in the 
length of the rectifier we have in fact obtained about ^9*1* There is an 
indication that the performance is still rising. 


p. D ' 1 2 ' \l^(a 

GEORGE, P.T. U.K.A.E.A, (Paper 1)6 ) 

Dr, Baker ' s paper has discussed steady state performance character- 
istics of 3 diodes. It would be of interest to know whether any data is 
available in transient performance especially in view of the devices. 
Depending on the transient behaviour one can consider using such devices 
as a safety feature is a reactor to prevent spread of fission product gas 

from failed fuel cans reaching other channels by blow-back through 
the entry plenum. 


p. P- I 

Dr. P.J. Baker replying to Mr. 1VT. George on Paper 1)6 

A comprehensive survey of the literature on fluid diodes has 
carried out by the information department of B.U.R.A., but there do 
not appear to be any information available on their transient beluiv 
It is proposed to investigate the transient performance of fluid di 
at the ii.ii.R.A. laboratories some time in the near future. But the 
feeling is that the transient performance will be subs tanci al 1 y wor 
that under steady state conditions. 
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Coal bums best in pipes that hum 


A coal-burning system with a central 
tubal chamber that resonates like an 
organ pipe during combustion has been 
designed by a Georgia engineer. The sys- 
lem’s 70-hertz hum is no accident, but in- 
stead a design feature that should catapult 
its energy-conversion efficiency well 
above the norm, says Ben Zinn of the 
Georgia Institute of Technology in Atlanta. 

There are two goals in optimizing com- 
bustion efficiency: to burn fuel as com- 
pletely as possible, and to burn it with as 
little air as possible. Incomplete combus- 
tion obviously wastes fuel: less obvious is 
the fact that use of too much air robs the 
system of heat. The acoustic waves res- 
onating through the prototype "pulsating 
combustor” make it possible for Zinn to 
obtain virtually complete combustion 
with almost no “excess air." Says Zinn. "I'm 
nqt aware of anyone ever getting the re- 
sults we have. I think we have something 
unique." 

Burning can only take place in the pres- 
ence of oxygen. Just as an auto engine 
must breathe in a certain critical ratio of 
air along with its fuel, so must any other 
combustion system. Theoretically, the 
amount of air required to burn a given 
amount of fuel completely is usually not 
enough, in practice, to prevent the pro- 
duction of smoke. As a result, combustion 
engineers must always budget in a certain 
amount of excess air. The Dictionary of 
Energy (Schocken Books, New York 1983) 
cites as typical values "50 percent excess 
air for coal-fired (combustion units), 20 
percent for oil-fired and 10 percent for 
gas-fired installations." Any excess air in 
the system will be heated by the hot com- 
bustion process and eventually be ex- 
hausted along with other waste gases. The 
more excess air used, the more heat 
robbed from the system. 

Zinn can get 92 percent combustion ef- 
ficiency — a figure many energy managers 
could live with — using no excess air, By 


adding six or seven percent excess air, he 
achieves greater than 97 percent combus- 
tion efficiency, a value electric utilities 
strive for with their better systems. More- 
over, Zinn points out, to achieve compa- 
rable efficiencies, most of those other sys- 
tems require use of “at least 20 percent 
and sometimes 30 percent extra air. That,” 
he emphasizes, “is a huge difference." 

Zinn*s system taps an acoustic principle 
formulated during the 19th century by a 
physicist named Rijke: By heating gases 
within a tube at a critical point, the result- 
ing excitation of gas molecules will gener- 
ate acoustic oscillations that make the 
pipe sing. The heat source in Zinn’s device 
is the combustion process itself, which 
occurs on a porous metal grid inside the 
pipe. Fuel entering the chamber from a 
portal along one wall drops onto the grid 
where it meets cold air that's been 
pumped in from below. 

In his model, the combustion tube is 9 
feet long and 5.5 inches in diameter. Its 
dimensions determine the oscillation fre- 
quency, which for this system “means that 
the molecules in each direction are mov- 
ing back and forth 70 times a second," Zinn 
says. “I have such superior combustion 
because the acoustics give me much 
better mixing of fuel and air.” But the oscil- 
lations have a second benefit: It turns out 
they increase the transfer of heat from the 
hot combustion-exhaust gases to the walls 
of the combustion chamber, increasing 
the energy available to do work — for 
example to heat the steam that drives a 
turbine to generate electricity. 

“The implication of these advantages is 
that for the same energy output, pulsating 
combustors can be smaller than con- 
ventional ones and therefore less expen- 
sive," Zinn says. Another advantage of his 
system is that it doesn’t reqtiire use of pul- 
verized coal, a slightly more costly form of 
the fuel. Georgia Tech has a patent pending 
on Zinn’s design. — J Raloff 
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Why is pulsed combustion 
more efficient? 



The basic operation of a pulse combustor: (1) Fuel and air 
enter the combustion chamber through the flapper valves and 
(2) are ignited by the spark plug causing a pulse. (3) The 
pulse closes the flapper valves and forces the combusting 
gases dov/n the tailpipe. (4) The partial vacuum created in the 
combustion chamber opens the flapper valves and draws in 
fuel and air. However, a pressure wave has been reflected 
back dov/n the tailpipe, and when it re-enters the chamber (5) 
the new fuel/air mixture ignites without use of the spark plug. 


pulse combustors, for reasons 
n ot fully understood, are 
piore efficient and produce 
less pollution than conven- 
tional combustors of natural 
gas. Even with the present, 
rather crude 'state of the art', 
pulse combustors are be- 
tween 33% and 70% more 
efficient than conventional 
combustors in terms of the 
percentage of stored chem- 
ical energy that converts to 
useful thermal energy. They 
also produce less nitrogen 
oxides. 

Pulse combustors have 
been around for quite a num- 
ber of years. Older readers 
and those with an enthusi- 
asm for World War II tech- 
nology will be familiar with 
the German V-t "buzz 
bomb". These were propelled 
by pulsed combustors. 

In America and Japan the 
principle is used for water 
and space heaters and in 
forced air furnaces. Their use 
in the UK has been severely 
:mi;ed because they are 
noisy— their harsh drone is a 
never-to-be-forgetten noise 
for those who lived in South- 
ern England during the war — 
and they have a tendency to 
fail on the lightback test 
gases of British Standard 
5258, Part 1. 

The basic operation of the 
pulse combustor is very sim- 
ple. The combustor consists 
of a combustion chamber 
with inlet flapper valves, a 
spark plug and a tuned tail- 
pipe (see Figure). 

Fuel and air are injected 
!n fo the chamber through the 
flapper valves and the mix- 
ture is ignited by the spark 
Plug, causing a pulse. The 
pulse closes the flapper 
v 3lves and the combusting 
pases are forced out through 
Ihe tailpipe. The tailpipe is 
Uned so that when the 
Pressure wave reaches the 
en b of the tailpipe it is reflec- 
led back to the combustion 
Camber. The partial vacuum 
Cr aated in the combustion 
Camber by the pressure 
wave going up the tailpipe 
Ca, u$es the flapper valves to 
Ppen and fuel and air enter 
the chamber. The returning 
Pressure wave closes the 
ya'ves and causes the mix- 
^ r e to ignite. The cycle starts 
11 over again. 

me spark plug is only 
ee _ced to ignite the first 
ycie. After that the com- 
ust° r j s self-igniting and 
^dl^spirating, but the 

P— ^ 

^RUary, 1985 


reasons for this are not 
clearly understood. 

In fact there is quite a lot 
that is not understood about 
pulse combustion, and re- 
search is going on in both 
the UK and USA to learn 
more about what happens in 
pulsed combustors and to 
make them more appropriate 
for tiie domestic market. 

At Watson House in Lon- 
don, British Gas researchers 
are trying to solve the inher- 
ent noise and combustion 
problems associated with 
pulsed combu c :>n. They are 
also trying to ke full use 
of the powerfi ;ue pressure 
in simplified heat exchanger 
design with remote, miniature 
flue applications. The basic 
goal is to produce a compact 
condensing boiler incorpor- 
ated into a storage cylinder. 
Simple immersion tubes 
would provide the heat trans- 
fer surface within the cylinder 
and a miniature flue would 
be used to remove the 
combustion products. 

Work is also being done 
on design guidelines to en- 
sure satisfactory combustion 
on the British Standards test 
gases. 

Further research is being 
sponsored at Leeds University 
and Essex University by Brit- 
ish Gas. At Leeds researchers 
are looking at heat transfer 
aspects, and at Essex noise 
suppression is being 
examined. 

In the USA at the Sandia 
National Laboratories facili- 
ties in Livermore, California, 
researchers are trying to get 
down to the basics of why 
they work, why they are more 
efficient and why they create 
less pollution. With the results 
they hope to produce scaling 
guidelines so that combustors 
of maximum efficiency can be 
produced at various sizes. 
Researchers also believe the 
work could be incorporated 
into other applications, such 
as wood or coal combustors, 
chemical reactors, coal gas- 
ification, gas turbines, electric 
generators and high tem- 
perature heat pumps and 
heat exchangers. 

Sandia’s research is in co- 
operation with Toshiba Cor- 
poration of Japan, and work 
is based on a Toshiba- 
designed water heater which 
has been adapted with 
quartz windows so that high- 
speed schlieren photography 
and laser Doppler velocimetry 
can be used. 


The research combustor 
has a mixing chamber with 
counter flowing air and meth- 
ane, which helps mixing, and 
a multi-section tailpipe. Vary- 
ing the length of the tailpipe 
by adding or subtracting 
sections means that the 
frequency of combustion can 
be varied. 

The schlieren photography 
gives information about the 
movement of combusting re- 
actants. With the laser velo- 
cimetry 0.05 micron-diameter 
particles of alumina are mixed 
with the air before it enters 
the combustion chamber. 
These particles readily scatter 
light, and by measuring their 
velocity air movement in the 
chamber can be determined. 

Dr Jay Keller, of the Com- 
bustion Applications Division 
at Livermore, says that 
research so far has raised 
more questions than it has 


answered. They are, however, 
beginning to understand why 
the pulsed combustors are 
efficient and clean burning. 

Work was done on pulsed 
combustors in the 1940s and 
early 1950s when researchers 
believed that the pressure 
boost could be used as a 
means of propulsion possibly 
for aircraft and rockets. Inter- 
est waned as jet engine tech- 
nology progressed. Interest 
returned when fossil fuels be- 
gan their rapid price rise in 
the 1970s. Some researchers 
believe that they have a big 
future ahead of them, burn- 
ing not only natural gas but 
a variety of other fuels. 

Further information from 
the Inform, ation Department 
at British Gas 01-736 1212 or 
Sandia National Laboratories, 
Albuquerque, New Mexico 
87185, USA, US tel (505) 
844-8065/7767. 
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Figure 3. Rijke lube. 



Figure 4. Pulsating combustion furnace. 


lease must be in pliasc with the com- 
bustor pressure oscillations. This con- 
dition is referred to as Rayleigh’s cri- 
terion. Finally, the combustion pro- 
cess heal release must occur within a 
region where the magnitude of the 
pressure oscillations is significant. 

In principle, pulsating combustion 
can take place in any s>stem that sat- 
isfies these conditions. The pulsating 
combustors that have been developed 
to date can be divided into three 
classes according to the acoustic sys- 
tem on which their operation de- 
pends. These are the quarter-wave 
tube, the Helmholtz resonator, and 
the Rijke tube. 

Quarter-wave Combustor. This 
combustor is based on the operating 
principle of the acoustic quarter-wave 
tube, which consists of a pipe closed 
at one end and open at the other. The 
acoustic pressure oscillations excited 
within this tube have their maxima at 
the closed end and their minima 
(which are approximately zero) at 
the open end, as shown in Figure 1. 

For purposes of description, the 
quarter-wave combustor can be divid- 
ed into three subsections: the inlet, 
the combustor, and the tail or exhaust 
pipe 'Hie inlet section consists of 
flapper valves that open when the, 
combustor pressure becomes smaller, 
and close when it becomes larger 
than the pressure upstream of the 
valves. In contrast, the inlet section of 
the Marconnct engine, which appears 
to operate like a quarter-wave com- 
bustor, consists of an aerodynamic 
valve (frequently a short, open tube 
whose diameter is smaller than the 


combustor diameter) that offers high 
resistance to the flow of gases out of 
the combustor and low resistance to 
the flow of gases into it. The combus- 
tor section consists of the portion of 
tile tube near the flapper valves 
where most of the combustion oc- 
curs. Tlie exhaust pipe comprises the 
remainder of the tube. 

A combustible mixture is first ad- 
mitted into the combustor, where it is 
ignited by means of a spark plug. The 
ensuing combustion process in- 
creases the combustor pressure 
which, in turn, causes the flapper 
valves to close and the hot combus- 
tion products to move towards the 
exhaust pipe. The inertia of the gases 
leaving the combustor decreases the 
combustor pressure to a level lower 
than the pressure upstream of the 
flapper valves. Consequently, the flap- 
per valves open and admit new 
charges of fuel and oxidizer into the 
combustor. The decrease in combus- 
tor pressure also reverses the flow in 
tie tail pipe and returns some hot 
< urnbustion products to the combus- 
tor. The new charges of fuel and oxi- 
dizer mix, react, and release energy, 
causing a new pressure increase in 
the combustor. This periodic com- 
bustion process can now repeat itself 
indefinitely without a spark plug. 

The combustion process in the 
quarter-wave combustor occurs in 
(he vicinity of the flapper valves 
where the magnitude of the pressure "* 
oscillation is close to its maximum. 
Furthermore, the fresh charges of 
combustibles arc admitted into the 
combustor when its pressure is close 
to or at a minimum. Consequently, to 


satisfy' Rayleigh’s criterion, the dura- 
tion of the mixing and reaction pro- 
cesses must he such that most of the 
combustion heat is released when the 
combustor pressure is near its maxi- 
mum. Referring to the combustor 
pressure time-dependence diagram in 
Figure 1, this means that the mixing 
and reaction processes must be com- 
pleted within, approximately, half a 
period of the pulsations. If, however, 
the duration of these processes and of 
the pulsations is too short to satisfy 
Rayleigh’s criterion, the combustor 
will not operate. 

Interestingly, the German buzz, 
bomb probably operated as a quarter- 
wave combustor. The thrust was pro- 
vided by the reaction force on the 
combustor walls resulting from the 
expulsion of the combustion prod- 
ucts through the exhaust end. When 
the flapper va 1 cs arc replaced Dy an 
aerodynamic live, some of the com- 
bustion pr< ts escape through this 

valve whe: combustor pressure is 

higher that- outside pressure. This 

outflow can ul avoided by using fans 
to force the flow of fuel and oxidizer 
through the system. 

Helmholtz Combustor. The Helm- 
holtz combustor is distinguished from 
a quarter-wave combustor by its larg- 
er volume (see Figure 2). The acous- 
tic Helmholtz resonator [16|, on 
which its design is based, consists of 
an enclosure having a very' short neck 
attached to a small-diamctcr hole in 
one of its walls The tail pipe of the 
Helmholtz combustor is quite long 
and the combustor is attached to fuel 
and air inlet valves. In spite of geo- 
metrical differences, the Helmholtz 
combustor resembles the quarter- 
wave- combustor in its operation 
Rijke Combustor. The third class of 
pulsating combustors is based on the 
operating principles of tiie Rijke tube 
[!"’|. (see Figure 3). A heated metal 
gauze placed at a distance (JJ4) from 
the bottom of an open-ended, vertical 
tube {of length /. ) results in the exci- 
tation of the fundamental acoustic 
mode of the tithe. Ah examination of 
Figure .3 shows that the length of the 
tube equals half the wavelength of the 
oscillation. Further, the acoustic pres 
sure reaches its maximum at the cen- 
ter of the tube and is nearly zero at 
both ends Both acoustic pressure and 
velocity arc nonzero at the location of 
the heater. It is important to note that 
the heat addition process establishes a 
steady upward flow in the tube, 
which is essential to the excitation of 
the oscillations 

In Rijke pulsating combustors, the 
heated gauze is replaced by a com- 
bustion process that provides the en- 
ergy for driving combustor pressure 
oscillations [ 18-2 1 1. As in all pulsating 
combustors, the interaction of the 
flow oscillations with the combustion 
process establishes a feedback loop— . 
the combustion process produces 
flow oscillations which, in turn, pro- 
duce a periodic and highly intense 
combustion process. 

APPLICATIONS 

Pulsating combustors, in particular 
the gas burning. Helmholz type, are 
most commonly used in space and 
water heaters. The water and/or air 
are heated hy the walls of the com- 
bustor, by the tail pipe, and by one or 
more additional heat exchangers that 
are often positioned downstream of 
the tail pipe. Lennox, Inc., the leading 
manufacturer of space heating fur- 
naces in the United States, offers units 
with input capacities from 40,000 to 
130,000 IJtu/hr |1()| (see Figure 4). 
Hydrotherm, inc., another IJ.S. firm, 
manufactures water heaters with ca- 
pacities from 30,000 to 150,000 Iltu/ 
hr { II ] (see Figure 5). In Japan, To- 
shiba is marketing water heaters with 


input capacities in the range of 
21.000 to 60.000 Ulu/hr. Other com- 
panies, such as Tokyo Gas and Osaka 
Gas. are also developing pulsating 
combustors for various domestic and 
industrial applications. 

These pulsating combustors arc 
self-aspirating and do not require ad- 
ditional chimneys or fans to move the 
air, fuel, and combustion products 
through the system. Conscquentlv, 
most of the energy produced during 
combustion can be recovered by 
cooling the combustion products to 
near room 'emperature prior to ex- 
inhaust ion out of the system." Tm's re- 
sults in high thermal efficiencies (on 
-the order of 95 percent) and consid- 
z arable fuel savings. The cooling pro- 
cess, however, also produces some 
corrosive condensates in the exhaust 
flow, which require that noncorrosive 
materials be used in the final heat 
exchanger stage. Other benefits in- 
clude higher rates of convective heat 
transfer from the combustion prod 
ucts to the walls, due to the pulsa- 
tions in the flow, and reductions in 
the formation of NO, (generally in 
the 25 to 50 ppm range ). 

Various coal and liquid-fuel burning 
pulsating combustors have also been 
investigated (--9. 1 8-25 J. Promising 
results have been obtained with coal- 
burning Rijke combustors. IJnpuIvcr- 
ized coal particles are burned in a 
bed-like combustion zone supported 
by a metal grid near the center of the 
lower half of the combustor (see Fig- 
ure 6). flic coal is fed to the bed from 
above by an auger and the combus 
lion air is supplied from below. Pulsa- 
tions occur spontaneously after igni- 
tion and tlie air f-id ratio can be con 
trolled by varying the coal and air 
supply rates. 

Tests have demonstrated that the 
Rijke combustor can burn nnpulver- 
ized bituminous and subbituminous 
coals over wide ranges of coal feed 
rates and air-fuel ratios, including 
highly fuel-rich conditions The latter 
suggests that this combustor could be 
used as a coal gasifier. Tests with a 
subbituminous coal indicate that the 
Rijke combustor can achieve high 
combustion efficiencies with little ex- 
cess air. For example, in tests at the 
Georgia Institute of Technology [22 j, 
combustion efficiencies on the order 
of 92 to 95 percent were attained 
with stoichiometric coal/air mixtures 
and various coal feed rites. The com- 
bustion efficiencies increased to 95 to 
97.5 percent with five percent excess 
air and to 97 to 99 percent with ten 
percent excess air. These efficiencies 
were attained in spite of the fact that 
combustion was completed within a 
distance of approximately 12 inches 
above the bed support and that the 
combustion zone temperature was 
relatively low due to high heat losses 
through the uninsulated combustor 
walls. This performance can probably 
be further improved hy insulating the 
combustor walls. In contrast, stokers 
that also bum unpulverized coals re- 
quire 39 to 60 percent excess air to 
achieve comparable combustion effi- 
ciencies [26], 

Such high combustion efficiencies 
combined with small quantities of ex- 
cess air result in high thermal efficien- 
cies by reducing exhaust flow losses 
and pumping costs. Reduced excess 
air also increases the temperature of 
the combustion products and associ- 
ated heat transfer rates. Finally, it 
should be pointed out that in the So- 
viet Union, experiments with pulsat- 
ing combustion using liquid fuels [9] 
also attained high combustion effi- 
ciencies with low- excess air values. 

Observations of the combustion 
zone in the Rijke combustor reveal 
that the burning coal particles move 
in a spout-like motion that resembles 
the motion of particles in a fluidized 
bed combustor. This fluidization is 
caused by the acoustic velocity, 
which is greater than that of the 
steady flow in the combustor and 
which reverses its direction twice in 






each cycle. Studies conducted to date 
strongly suggest that flow reversals 
and pulsations in the combustion 
zone enhance gas phase mixing and 
increase the rate at which oxidizer 
molecules and heat are diffused to the 
fuel surface. This, in turn, increases 
the fuel combustion rate. Reynst ar- 
gued that when coal particles burn in 
an oscillatory flow, a time-dependent 
relative velocity is established be- 
tween the particles and the adjacent 
flow, resulting in periodic stripping of 
the blankets of combustion products 
that accumulate around the coal parti- 
cles during the combustion process 
[4], This stripping decreases the gas 
phase resistance to the migration of 
oxygen molecules to the particle sur- 
face, enhancing its burn rate, the in- 
crease in the burn rate of individual 
coal particles due to flow pulsations 
has been confirmed experimentally 
[27j, and it is well known that pulsat- 
ing combustors have high combus- 
tion intensities. 

Tlie advantages of pulsating com- 
bustors suggest that they could be 
used effectively in various industrial 



processes. In recent years, two L’.S. 
companies, Sonodyne and the Sonic 
Coqr, have used pulsating combus 
tors in drying processes. Slurries con- 
taining the material to be dried are 
injected into the pulsating exhaust 
flow of the combustors. The pulsa- 
tions “shatter” the slurries and in- 
crease the rate of heat and moisture 
transfer to and from the lined sub- 
stances. Other potential applications 
include coal gasification, pulsating flu- 
idized beds, commercial deep-fat fry- 
ers, cooking equipment, radiant tube 
heaters, and chemical reactors. 

On the negative side, pulsating 
combustors arc noisy and must be 
muffled to ensure an acceptable 


working environment. Sound treat- 
ment increases costs and may result 
in a bulk)’ system when the sound is 
generated at low frequencies. Compli- 
cations arise when several harmonics 
within the sound need to be sup- 
pressed. Finally, amplitudes increase 
as the energy supplied to the combus- 
tor increases. Consequently, there are 
incentives to develop pulsating com- 
bustors that operate at lower ampli- 
tudes and higher frequencies and gen- 
erate noise consisting of a single fre- 
quency tone. 

The successful application of pul- 
sating combustors in heaters and dri - 
ers in recent years suggests that the)’ 
can significantly improve the perfor- 



mance of many systems and processes 
whose behavior is controlled by mo- 
mentum, heat, or mass transfer. How- 
ever, much of the progress in this 
area has been achieved by costly trial- 
and error approaches rather than by 
rational design based on an under- 
standing of the periodic phenomena 
that occur within the systems. Conse- 
quently, unexpected difficulties may 
arise when attempts arc made to 
change the scale and/or loading of 
these combustors or to use them in 
new applications that have different 
requirements. Such potential prob- 
lems can he avoided by devoting 
more research to the fundamentals of 
pulsating combustion. (Q 
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A STUDY OF THE PULSATION DRIVING MECHANISM IN PULSATING COMBUSTORS 
Goldman, Y. and Timnat, Y.M. 

Dept, of Aeronautical Engineering, Technion, Haifa, Israel. 

SUMMARY. Experiments performed in a facility consisting of a Schmidt-type pulsating 
combustor, in which high speed photographs were taken and pressure, temperature and 
gas composition measured, showed that the air supply conditions at th inlet and the 
volume of the combustor , influence strongly the oscillation frequency. From the mea- 
surements , the existence of two separate regions , one containing cold a and the 

other fuel rich gas was found and a pressure-volume diagram drawn, showing the 
effect of chemical energy release and heat supply during the compression stroke and 
differentiating it from the expansion. A model of the interaction between the cyc- 
lic combustion process and the acoustic oscillations of the gas volume within the 
chamber and the tail-pipe is presented. The conditions for chemical energy release 
that result in high pressure amplitude are described. 

INTRODUCTION 

In pulsating combustors a proper feedback between the flow and the combustion 
process results in periodic variations of the flow properties inside the combustors. 

The German Second World War V-l rocket (better known as the buzz-bomb) , that 
caused such damage and fear in London, is probably the best known example of a pul- 
sating combustor. _ Although a great deal of work has since been performed on pulsa- 
ting combustors 1 4 , the general nature of unsteady combustion is understood only 
qualitatively, and there is not enough quantitative knowledge to predict the perfor- 
mance of an existing pulse combustion device or to design such a device to specifi- 
cation . 

An important step towards achieving this goal is to gain a better insight into 
the mechanism that drives the pulsations. For this purpose an experimental facility, 
which includes a Schmidt-type pulsating combustor, equipped with pyrex windows for 
high speed photography, air and gas supplies and an appropriate ignition system was 
built. Measurements of pressure, temperature , gas composition and photography 
allowed a better insight to be obtained into the nature of the pulsation mechanism. 

EXPERIMENTAL 

The experimental facility, shown in Fig. 1, consists of a pulse combustion cham- 
ber, 1, which was built in two versions, a small one having a volume of 5*10 4 m 3 and 
a big one, with a volume of 1.1*10 3 m 3 . The chamber has a variable length tail-pipe, 

2, ranging from 0.31 to 0.91 m, and is provided with nine pairs of pyrex windows, 3, 
for photographic studies and an ignition system, 4. The experiments were performed 
with gas, stored in an external LPG tank, 6, while the air required in the ignition 
stage came from a compressor, 7. 

The measurement system, indicated schematically by 8, included pressure trans- 
ducers and a number of Pt/Pt-10%Rh thermocouples. The output of both was connected 
to a photorecorder. Gas composition was monitored by taking samples with a water- 
cooled probe, connected to a number of points. The samples were analyzed by con- 
ventional equipment. The highspeed camera, 5, Hycam 16mm, was operated at 2000 
frames per second with Kodak sensitive ’color film. 

RESULTS AND DISCUSSION 

In a first series of experiments, in which the geometric dimensions of the in- 
let and outlet pipe and of the combustion chamber were varied, different resonating 
frequencies, ranging between 100 and 300 Hz were observed. It was found that the 
quarter length suggestion, put forward by Reynst 1 for this type of device, does not 
match well the actual results. Tail pipes of equal diameter but different length 



attached to the same combustion chamber caused a frequency change smaller that that 
predicted by the quarter length theory (see Fig. 2). Experiments in which stable 
operation of the combustor was achieved over a wide range of tail pipe lengths, up 
to a decrease by a factor of two, resulted in a frequency increase of less that 20%. 
One can see from the figure that air supply conditions at the inlet pipe, as well as 
changes of the chamber total volume influence strongly the oscillation frequency. 

Typical pressure-time curves, gas air equivalence ratio and average temperature 
as function of time are presented in Fig. 3a. When gas is supplied by an inner 
nozzle directly to the combustion chamber, the fuel flow rate is constant for both 
the intake and exhaust periods; during backflow from the chamber a fuel-rich mixture 
is formed in the remaining gas volume. Endothermic reactions in tna exhaust gas in- 
side the chamber volume, namely 

C n H m + n c 0 2 + 2n CO +| H 2 and 

C n H m + n H 2° "*■ n CO + (f + n) H 2 , 

are responsible for the temperature decrease, while an inverse flame formed there 
after the^airjet enters the chamber, is responsible for temperature and pressure 
increases . The average equivalence ratio over a cycle (measured directly) is 1.20; 
computations show that it goes down to 1.11 at the end of the suction stroke and 
reaches 1.27 at the end of the exhaust stroke. The corresponding gas temperature 
variations should be about 220 °C; however the existence of two separate regions, one 
with cold air and the other with fuel rich gas during the suction period, reduces 
somewhat the actual average volume temperature. 

The pressure-volume diagram, shewn in Fig. 3b, explains the thermodynamic 
process within a pulsed combustor. Comparison with adiabatic compression and expan- 
sion, taking place in a non-reacting Helmholtz resonator, shows that in the combus- 
tion chamber chemical energy is released and heat is supplied during the compres- 
sion stroke; this results in different curves for the pressure rise and drop pro- 
cesses and "drives" the oscillations. 

In the high speed pictures air appeared as a fully transparent medium, the rich 
mixture, containing N 2 , C0 2 , CO, H 2 0 and H 2 appeared blue, while the high temperature 
combustion products were yellow to transparent in color. 


From the fast photography data, together with gas composition and temperature 
measurements, the following picture emerged (see Fig. 4). The combustion cycle 
starts with an air inlet stroke; the temperature drops as the burned gases are ex- 
hausted and fresh air enters the combustor; the resonating effect and the temperature 
drop decrease the pressure in the chamber till it is mostly filled with fresh air and 
incomplete burning gas at a minimum temperature. The remnants of the hot combustion 
products reignite the fuel-air mixture and cause the flame to propagate, thus in- 
creasing the temperature and driving the pressure above atmospheric. This cuts off 
the fresh air supply and the exhaust stroke starts. The highest temperature is re- 
corded as all the air in the chamber is used in the combustion process, thus filling 
the combustor mostly with completely burned products. Fuel continues to fill the 
chamber behind the escaping gases; the high temperature and the resonating effect 
cause the pressure to increase till it reaches a maximum in the overexpanded combus- 
tor. There the pressure begins to go down and as it falls below atmospheric, fresh 
sir rushes in to mix with the fuel and the hot gases, starting a new cycle. 

The cyclic combustion process interacts strongly with acoustic oscillations of 
the gas volume within the chamber and the tail pipe. When chemical energy of the 
turning process is released at a stage, having a positive derivative of the chamber 
pressure, both processes act in sequence and high pressure amplitude may be achieved. 

n our experiments on different shapes of the chamber, tail pipe and inlet, the maxi- 
mal pressure amplitude was 60,000 Nm" 2 . 

These results show that there is considerable flexibility in designing pulse 
combustors and that the nature of the pulsations and their frequency are controlled 
by flame propagation within the chamber. 

In future work simultaneous measurements of the instantaneous pressure in the 
chamber and at twelve points along the tail pipe, which would further improve the 
understanding of the governing mechanism , are planned . 
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Fig. 1. Experimental facility. 



Fig. 2. Variation of frequency. 1 small chamber. 2 small chamber, air self 
supply. 3 big chamber, air self supply. 4 big chamber, pulsed air 
supply . 
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Newsgroups: sci . physics . fusion 

From: bernecky@starbase.nl.nuwc.navy.mil (W. Robert Bernecky) 
Subject: Wirbelrohr or vortex tube 

Sender: scott@zorch.SF-Bay.ORG (Scott Hazen Mueller) 

Date: Sat, 1 Jul 1995 23:11:02 GMT 

The following may be relevant to the Potapov device. 

It contains excerpts from ’’And yet it moves ... strange systems & 
subtle questions in physics," by Mark P. Silverman, Cambridge 
University Press, 1993; Chpt 6 "The Wirbelrohr's roar". 

"It was a Wirbelrohr, he explained; you blew into the stem, and 
out one end of the cross-tube flowed hot air, while cold air 
flowed out the other. I laughed; I was certain he was teasing me. 
Although I had never heard of a Wirbelrohr, I recognised a 
Maxwell demon when it was described." 

"...he machined in his basement workshop a working model which I 
received from him shortly afterwards. The exterior was more or 
less just as he had described it: two identical long thin-walled 
tubes (the cross-bar of the T) , were connected by cylindrical 
collars screwed into each end of a short section of pipe that 
formed the central chamber; a gas inlet nozzle (the stem of the 
T) , shorter than the other two tubes but otherwise of identical 
construction, joined the midsection tangentially (Fig. 6.1) . Ex- 
ternally, except for a throttling valve at the far end of one 
output tube to control air flow, the entire device manifested bi- 
lateral symmetry with respect to a plane through the nozzle per- 
pendicular to the cross-tubes. 

"Only someone with the lung capacity of Hercules could actually 
blow into the stem. Instead, the nozzle was meant to be attached 
to a source of compressed air. Taking the Wirbelrohr into my 
laboratory, I looked sceptically for a moment at its symmetrical 
shape before opening the valve by my work table that started the 
flow of room- temperature compressed air. Then, with frost forming 
on the outside surface of one tube, I yelped with pain and aston- 
ishment when, touching the other tube, I burned my fingers!" 

" . . .With the few parts of the Wirbelrohr laid out on my table, I 
understood better the significance of the German name, Wirbel- 
rohr, or vortex tube. The heart of the device is the central 
chamber with a spiral cavity and offset nozzle. Compressed gas 
entering this chamber streams around the walls of the cavity in a 
high-speed vortex. But what gives rise to spatially separated 
air currents at different temperatures? . . .the placement in one 
cross-tube (the cold one) of a small - aperture diaphragm effec- 
tively blocked the efflux of gas along the walls of the tube, 
thereby forcing this part of the air flow to exit through the 
other arm whose cross-section was unconstrained. 


"HOT" PIPE 


CENTRAL 

CHAMBER 


"COLD" PIPE 
< diaphragm 
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\ Fig 6 - Schematic of Wirbelrohr or 

\ vortex tube . 

\ 

| Top View 

i 

/ 

/ 


| <- INLET 

Room- temperature compressed air enters the inlet tube, 
spirals around the central chamber, and exits through 
the 'hot* pipe with unconstrained cross-section or 
through the 'cold' pipe whose aperture is restricted 
by a diaphragm. 


"The glimmer of a potential mechanism dawned on me. Had the in- 
coming air conserved angular momentum, the rotational frequency 
of air molecules nearest the axis of the central chamber would be 
higher - as would also be the corresponding rotational kinetic 
energy - than peripheral layers of air. However, internal fric- 
tion between gas layers comprising the vortex would tend to es- 
tablish a constant angular velocity throughout the cross - sect ion 
of the chamber. In other words, each layer of gas within the vor- 
tex would exert a tangential force upon the next outer layer, 
thereby doing work upon it at the expense of its internal energy 
(while at the same time receiving kinetic energy from the preced- 
ing inner layer) . Energy would consequently flow from the center 
radially outward to the walls generating a system with a low- 
pressure, cooled axial region and a high-pressure, heated circum- 
ferential region. Because of the diaphragm, the cooler axial air 
had to exit one tube (the cold side) , whereas a mixture of axial 
and peripheral air exited the other (the hot side) . 

"The presence of the throttling valve on the hot side now made 
sense. If the low pressure of the air nearest the axis of the 
tube fell below atmospheric pressure, the cold air would not exit 
at all... By throttling the flow, pressure within the central 
chamber was increased sufficiently so that air could exit both 
tubes . 

"...with some simplifying assumptions I was able to calculate the 
entropy change. . . Under what is termed adiabatic conditions - 
i.e. with no heat exchange with the environment - the 2nd Law re- 
quires that the entropy change of the gas, alone, be >= zero. 

The resulting mathematical expression, augmented by the equation 
of state of an ideal diatomic gas and the conservation of energy 
(1st Law) yields an inequality: 

(x A f) [(l-fx)/(l-f)] A (l-f) >= (Pf/Pi) A (2/7) 

where x= Tc/Ti 

Tc is temperature of cold air 
Ti is initial temperature 
Pf is the final pressure 
Pi is the initial pressure 

f is the fraction of gas directed thru the cold side 
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"By setting the expression for the entropy change equal to zero, 

I could calculate the lowest temperature that the cold tube 
should be able to reach if the gas flow were an ideal reversible 
process. The result was astonishing. With an input pressure of 
10 atmospheres and the throttling set for a fraction f- 0.3, com- 
pressed air at room temperature (20 C) could in principle be 
cooled to about -258 C, a mere 15 degrees above absolute zero! 
(The corresponding temperature of the hot side would have been 80 
C. ) 

". . .The first experimental demonstation of a vortex tube seems to 
have been reported in 1933 by a French engineer, Georges Ranque 
[1] . by German physicist Rudolph Hilsch came to the attention of 
American chemist R.M. Milton... In Hilsch’s hands, proper selec- 
tion of the air fraction f (~ .33) and an input pressure of a few 
atmospheres gave rise to an amazing output of 200 C at the hot 
end and -50 C at the cold end [2] . Hilsch, who was the one to coin 
the term Wirbelrohr, used the tube in place of an ammonia pre- 
cooling apparatus in a machine to liquify air. 

" . . .Milton was not satisfied with the interpretation of Hilsch 
and Ranque that frictional loss of kinetic energy produced the 
radial temperature distribution. ..." 

M Kurosaka et al[3,4] , in 1982, proposed a far different mecha- 
nism, supported by experiment. 

"With a loud roar air rushes turbulently thru the Wirbelrohr, 
just as it does thru a j et engine or a vacuum cleaner. Buried 
within that roar, however, is a pure tone, a "vortex whistle" as 
it has been called. . .the vortex whistle can be produced by tan- 
gential introduction and swirling of gas in a stationary tube. It 
is this pure tone that is purportedly responsible for the spec- 
tacular separation of temperature in a vortex tube. 

"The Ranque-Hilsch effect is a steady-state phenomenon - i.e. an 
effect that survives averaging over time. How can a high-pitch 
whistle - a sound that, depending on air velocity and cavity ge- 
ometry, can be on the order of a few kilohertz - influence the 
steady component of flow? The answer... was by 'acoustic stream- 
ing' . As a result of a small nonlinear convection term in the 
fluid equation of motion, an acoustic wave can act back upon the 
steady flow and modify its properties substantially. In the ab- 
sence of unsteady disturbances, the air flows in a 'free' vortex 
around the axis of the tube; the speed of the air is close to ze- 
ro at the center (like a hurricane) , increases to a maximum at 
mid-radius, and drops to a small value near the walls. Acoustic 
streaming, however, deforms the free vortex into a 'forced' vor- 
tex where the air speed increases linearly from the center to the 
periphery. Acoustic streaming and the production of a forece 
vortex, rather than mere static centrifugation, engender the 
Ranque-Hilsch effect. 

"The experimental test could not be more direct. Remove the whis- 
tle, and only the whistle, and see whether the radial temperature 
distribution remains. To do this [Kurosaka] monitored the entire 
roar with a microphone and . . .decomposed it into frequencies of 
which the discrete component of the lowest frequency and largest 
amplitude was identified as the vortex whistle. Next, he enclosed 
the Wirbelrohr inside a tunable acoustic suppressor: a cylindri- 
cal section of Teflon with radially drilled holes serving as 
acoustic cavities distributed uniformly around the circumference. 
Inside each hole was a small tuning rod that could be inserted 
until it touched the outer shell of the Wirbelrohr to close off 
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the cavity, or withdrawn incrementally to make the cavity reso- 
nant at the specified frequency to be suppressed. 

"To simplify the experimental test, he sealed off one output of 
the vortex tube and monitored with thermocouples the temperatuare 
difference between the center and periphery. In the absence of 
the suppressor, an increase in pressure produced, as I had no- 
ticed when experimenting with my own vortex tube, a louder roar 
and greater temperature difference. When, however, the acoustic 
cavity was adjusted to suppress only the frequency of the vortex 
whistle (leaving unaffected the rest of the turbulent noise), the 
temperature difference plunged precipitously at the instant the 
corresponding input air pressure was reached. In one such trial, 
the centerline temperature jumped 33 C, from -50 C to -17 C. With 
further increase in pressure, the frequency of the whistle rose, 
and as it exceeded the narrow band of the acoustic suppressor, 
the temperature difference increased again. 

"Additional evidence came from a striking transformation in the 
natuare of the f low ... Before the vortex whistle was suppressed, 
the exhaust air swirled rapidly near and outside the tube periph- 
ery in the manner expected for a forced vortex. Upon supprssion, 
however, the forced vortex was also abruptly suppressed; now qui- 
escent at the periphery, the air rushed out close to the center- 
line . " 

"For all I know, the case of the mysterious Wirbelrohr is largely 
closed although, science being what it is, future version of that 
device may yet hold some suprises in store. I have sometimes won- 
dered, for example, what would result from supplying a vortex 
tube, not with room- temperature air, but with a quantum fluid, 
like liquid helium, free of viscosity and friction. 

The exorcism of the demon in the Wirbelrohr will not, I suspect, 
dampen one bit the ardour of those whose passion it is to chal- 
lenge the 2nd Law. Despite the time and effort that has been 
frittered away in the past, others will undoubtedly try again. 

On the whole such schemes are bound to fail, but every so often, 
as in the case of Maxwell's own whimsical creation, this failure 
has its positive side: when, from the clash between human ingenu- 
ity and the laws of nature, there emerge sounder knowledge and 
deeper understanding." 

[1] G. Ranque , "Experiences sur la Detente Giratore avec Produc- 

tions Simultanees d ' un Echappement d'air Chaud et d'un Echappe- 
ment d'air Froid" , J. de Physique et Radium 4(7) (1933) 112 S. 

[2] R. Hilsch, "The Use of the Expansion of Gases in a Centrifu- 
gal Field as Cooling Process", Rev. Sci . Instrum. 18 (1947) 108. 

[3] M. Kurosaka, "Acoustic Streaming in Swirling Flow and the 
Ranque-Hilsch (Vortex Tube) Effect", J. Fluid Mech . 

124 (1982) 139 . 

[4] M. Kurosaka, J.Q. Chu, & J.R. Goodman, "Ranque-Hilsch Effect 
Revisited: Temperature Separation Traced to Orderly Spinning 
Waves or Vortex Whistle", conference of Am Inst, of Aero & Astro 
1982 . 
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HOT AXD COLI) RLXMXO AIR 


A laboratory tool for making cold 
as simply -as a Bunsen burner makes 
heat is being developed by Westing- 
house research engineers. It is a 
pipe 15 inches long and one inch in 
diameter into which compressed air 
is pumped which is converted into 
a hot and a cold stream of air. 

Within the pipe the air strikes the 
inner wall tangential to the diameter 
and is converted into a whirlpool of 
spin nine: gases — the air in the center 
becoming cold almost instantly while 
that oil the periphery gets warm. The 
warm air can be tapped, leaving the 
jet of cold air to be drawn off through 
a A -inch opening at the center of the 


other end of the pipe. 

As yet scientists have no explana- 
tion for the phenomenon, though it 
is conjectured that the cause may be 
a frictional effect between gases mov- 
ing at different velocities. Also, its 
future applications in industry are 
not now foreseeable though even now 
it holds promise as a handy labora- 
tory tool. Low efficiency rules out 
commercial applications at this time. 

In the accompanying photograph, 
the right hand of the engineer is on 
the incoming compressed air line, 
while warm air is being drawn off 
at the left end of the pipe and cold 
air is coming from the opposite end. 



Refrigerating Engineering, June 1947 


How about capturing high velocity relative wind due 
to the car’s motion, putting it into a vortex nozzle, and 
using the hot/cold plu3 heat pipes to heat or air condition 
the passenger compartment, and to heat the engine and cool 
the compressor simultaneously? This could neutralize cart 
of the wind resistance by increasing the efficiency and de- 
creasing the amount of fuel needed. 'The vorcex tube added 
to a Tesia/Hodges/ Jeal/Rangely 3 elf- fueling oneumatic cower 
plant would give us the first unlubricated, non- com bust icn, 
self-cooling, solar, permanent 99 i efficient air -spring- cow- 
ered, self-fueling automobile power plant with regenerative 
wind scocDs. 




RANQUE'S TUBE 

C. D. Fulton 

Department o / Mechanical Engineering 
Massachusetts Institute of Technology 

WHEN Georges Joseph Ranque stood before his eol- 
VV leagues of the Societe Francaise de Physique in 
June 1933 and said that hot and cold air came out of a 
simple piece of pipe, he was received with skepticism. 1 
He was a metallurgist associated with a steel company 
in the mountain town of Montlucon in central France; 
high-speed gas flow was out of his line.* No, said E. 
Brun, the aerodynamicist, stagnation temperature had 
been confused with static temperature and adiabatic 
wall temperature; the two streams weren’t really cold 
and hot. 2 There is no further mention of the subject 
in the Society's Journal through 1944. 

Ranque does not tell how he made his invention but 
it is possible he was concerned at some time with cy- 
clone separators used to separate dust from air in steel 
plants. Air drawn from the center of such cyclones is 
slightly cool while air drawn from the outside is slightly 
warm. What would now be called the Ranque effect had 
been noticed, but apparently ignored, since such sepa- 
rators were first made.** 

On December 12, 1931, Ranque filed a French patent 
docket on what is now known as the Ranque Tube, 
IDlsch Tube, Vortex Tube, or Vortex Refrigerator. 
After the French patent issued in 1932, he filed the 
same docket in the United States on December 6, 1932, 
and it issued on March 27, 1934. 3 He shows two basic 
types of design which may be called Counterflow and 
Uniflow, illustrated in Figures 1 and 2. He shows that 
the tangential entrance may consist of a single nozzle, 
a plurality of nozzles, or a set of blades. He describes 
how, by adjusting the size of the cold-air orifice or the 
restriction at the end of the hot tube, one may obtain 
a small quantity of very cold air or a larger quantity 
of moderately cold air. He mentions that the tempera- 
ture of the hot tube reaches its maximum when the 
end of the hot tube is entirely closed, and that the 
more the pressure of the air supplied, the colder is the 
cold air. He speaks of having measured the pressure 
distribution inside the tube. Ranque must have come 
to hope he could accomplish significant things in refrig- 
eration with his invention, for he assigns it to La 
Giration Des Fluides, or Whirl-Gas, of Montlucon, 
apparently a small company he had organized. 

In attempting to broaden his claims, Ranque shows a 
model containing its own compressor, which he prob- 
ably never tested. The compressor consists of a bladed 
rotor driven by an external motor. The air discharged 
from this rotor passes directly into stationary blades 
which guide the air tangentially into a uniflow tube. 
Not only would the rotor have to turn at an extreme 
speed but, as there is no cooling after compression, the 
cooler stream of air would still be warmer than the 
air supplied to the compressor. 

* Deduced from publications of Ranque, 1934-1943. 

** Private communication from A. J. N'erad. 



The theory Ranque gives in the patent, later rejected, 
is as follows: The rotating gas spreads out in a thick 
sheet on the wall of the tube and the inner layers of 
this sheet press upon the 'outer layers by centrifugal 
force and compress them, thus heating them. At the 
same time the inner layers expand and grow cold. Fric- 
tion between the layers is to be minimized, to which 
end the uniflow design is considered advantageous. The 
sheet is envisioned as having a rather sharp inner 
boundary, the center of the tube being filled with 
quiet gas. 

The very different theory Ranque gave the Societe 
will be taken up later. His remarks only amounted to 
2 i /2 pages in print, without illustrations or data, and 
he admits withholding further information for purposes 
of secrecy. The invention remained virtually unknown 
for more than 10 years. In view of the curiosity that 
demonstrations of the tube have invariably stirred up 
since 1946, it seems unlikely that Ranque made demon- 
strations. As to La Giration Des Fluides, it probably 
collapsed when it became clear that the device cannot 
compete with ordinary refrigeration machines. Ranque 
must have so lost interest by then that he was no longer 
inspired, to publicize the invention. It is to be hoped 
that a full account of his work will be published. 

In the spring of 1945, scientists sent to learn of war- 
time German developments found the tube being studied 
by Rudolf Hilsch, physicist, of the University of 
Erlangen. A working model was brought to the United 
States and this, combined with the publication of 
Hilsch’s well known paper, started the present revival. 4 
The writer learned of the tube on December 6, 1946, 
while associated with the General Electric Company, 
through A. B. Hubbard of that company. Interest in 
the tube now seems to be world-wide. It is a favorite 
subject for study in the schools and for demonstrations 
in the laboratory and shop, and engineers are still dis- 
covering it for the first time and temporarily entertain- 
ing hopes of revolutionizing the refrigeration industry, 
as did the writer in his turn. 

Hilsch refers briefly to Ranque’s paper of 1933 as the 
source of the idea, but it seems that he had not learned 
of the patent. He had arrived nevertheless at exactly 
the same design shown in certain of Ranque's drawings. 
Following Hilsch, nearly everyone has used similar 
designs to the complete neglect of the uniflow type so 





lar as the writer has learned. Hilseh mentions a i\o]u: 
of using the device for large-scale ref rigerat ion such 
as the cooling of mines, but he has since heroine aware 
of the low efficiency.* He has actually used it in the 
liquefaction of gases. 

Because Ranque’s work has been virtually unknown, 
it: has been widely asurned that Ililsch is the originator 
of the device, and the name “Ililsch Tube” has gained 
headway. It is hoped that this error will gradually he 
rectified, while Hilsch's contributions will still be 
appreciated. 

Since 1946, writers of widely varying backgrounds 
have undertaken to explain the device, hut with infre- 
quent success. This may be attributed to the fact t hat- 
while the device itself is extremely simple, the processes 
occurring in it are among the most dillicult in gas 
dynamics. Few gas dynamicists giving attention to the 
problem have yet felt ready to publish their work. Nev- 
ertheless there is more sound theory in existence than 
is generally appreciated. Most notable is the work of 
Kassner and Knoernsehildy In Part 1 the writer pre- 
sents a slightly different approach, less suited to pre- 
diction of the temperature change but intended to 
explain the mechanism simply. The work of K. & K. is 
briefly described. 

The question of the possibility of commercial appli- 
cation is in need of clarification because no adequate 
analysis of the efficiency has appeared, and the enor- 
mous power consumption that would be required for 
most applications is not generally appreciated. This is 
dealt with in Part 11. 

PART I. THE MECHANISM 

The present status of the theory, for both uni flow 
and counterflow types, may be summarized as follows: 
Fresh gas, before it has travelled very far in the tube, 
succeeds in forming an almost free vortex in which the 
angular velocity or rpm is low at the periphery and 
very high toward the center. But friction between the 
layers- of gas undertakes to reduce all the gas to the 
same angular velocity, as in a solid body. This causes 
the inner layers to slow down and the outer layers to 
speed up as the gas moves along, amounting to the 
flow of work from the center to the outside of the vor- 
tex. At the same time, because the center of the vortex 
is much colder than the outside, heat flows toward the 
center, but not so rapidly as the work flows. The inner 
gas is originally cooled by its expansion; it stays partly 
cold by giving away its kinetic energy to the outer gas 
by friction without receiving as much heat energy in 
return. The outer gas in turn receives more kinetic 
energy than it loses heat energy, and this kinetic 
energy eventually becomes converted into internal 
energy through friction in the hot end of the tube. 
The flow is highly turbulent and the free vortex is 
supersonic. 

The typical flow pattern in the counterflow type 
would be something like that shown in Figure 3. The 
solid lines show stream-surfaces of revolution about 
the axis. The position at which a particle enters deter- 
mines its stream-surface, upon which it then describes 
a spiral path with ever-decreasing radius.** There is a 
null or stagnation point on the axis at 0, and the 
stream-surface through this point divides what becomes 
the cold gas from what becomes the hot gas. The chief 
uncertainty about the flow pattern is the location of 
the null point, which will shift to the right and left as 

* Private communication from Prof. Meissner, Munich, Sept. 19-19. 

** Actually, since the flow is turbulent, we can only speak of the mean 
paths. 


SYMBOLS 

T ~ static temperature, deg F abs 
p'"pressure, any units 

c, ""specific heat at constant pressure, Btu per lb, 

c,. “-specific heat at constant volume, Btu per lb, °F 

k — Cji/ c f 

778.26 ft-lb per Btu 
ft — gas constant, ft per F abs 

(rir~ratio of weight-rate of flow of cold gas to total flow 
^"“efficiency 
/n— -natural logarithm 
kg— total rate of flow, lb per sec 
a”total availability, ft-lb per lb 
o 7 — availability due to temperature, ft-lb per lb 
a,,— "availability due to pressure, ft-lb per lb 
enthalpy, Btu per lb 
s=entropy, Btu per lb, F abs 
^“density, slugs per ft ' — lb-sec' per ft 
/•—radius, ft 
tfzzzangle, radians 
z“axial distance, ft 

u, /, w"velocity components in the r, 0, z directions, ft per sec 
/>^zivel ocity potential, ft' per sec 
'l'“stream function, lb-sec per ft 

M = Mach number velocity -r \ ; kgRT 

to — y/r, angular velocity, rad per sec (not the rotation 
of fluid mechanics) 

/r— absolute viscosity, lb-sec per ft' 
r — shear stress, lb per ft 3 
C~wr', constant in a free vortex 
ftrrrrate of shear work, ft-lb per sec 
q — rate of flow of heat, Btu per sec 
g— 32. ! 6 ft per sec' 

S ~ surface area, ft' 

k — thermal conductivity, Btu per sec, ft, °F 
/V r nn. -it t—f L g c p /k, Prandtl number, dimensionless 


Subscripts 


, state of gas supplied to Ranque tube 
„ state of cold gas leaving Ranque tube 
,, body being cooled at fixed temperature 

, state at end of reversible adiabatic expansion from I to 
„ dead state — environmental temperature and pressure 
j nozzle jet 

Superscript 


* turbulent 


p e 


the How of cold gas is decreased and increased, respec- 
tively. No data on this question are known to the writer 
but it is thought that Figure 3 may represent a reason- 
able estimate for equal hot and cold flows. 

At every point in what Ranque calls the “chamber 
of action,” extending from the orifice plate to, say, the 
null point, the centrifugal work flow exceeds the cen- 
tripetal heat flow, resulting in a net outward flow of 
energy, shown by radial arrows. Tor this centrifugal 
energy flux to result in a decrease in stagnation tem- 
perature of the inner gas, it must cross the stream- 
surfaces. The stream-surfaces near the orifice plate, at 
a, are mainly parallel to the radius, and therefore the 
gas in those' stream-tubes only transfers energy within 
itself and emerges at the periphery of the discharge 
orillce scarcely cooled at all. This has been verified 
experimentally by bringing up a small tube to the 
mouth of the orifice and splitting the efflux into inner 
and outer parts. Under conditions where air was sup- 
plied at 105 psia and 70 F and Vs of the total flow issued 
through the cold-air orifice, the mixed stagnation tem- 
perature of the cold air was — 30 F; when an outer 
annulus containing VI of the cold-air flow was sepa- 
rated, it had a stagnation temperature of 30 F while 
the remaining core had a stagnation temperature of 
— 50 F. This diluting of the cold gas may be considered 
a disadvantage of the counterflow type since a separa- 
tion at the orifice would always be necessary if one 
wishes to obtain the lowest possible temperature. In 
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the uni flow type this would be unnecessary. 

Slightly downstream of the chamber of action, the 
gas has a graded stagnation temperature ranging from 
rather neutral at the axis to very high at the wall. That 
is why the tube wall in that region is hotter than the 
final mixed hot gas, and hotter than the tube wall either 
at the far end of the tube or at the inlet end of the tube. 

Wall friction apparently lias three beneficial, but 
small, effects. First, it removes some of the initial angu- 
lar velocity of the outer layers, thus increasing slightly 
the initial* value of the shearing friction. Second, it 
tends to keep the outer layers at a low angular velocity 
instead of permitting them to speed up as they receive 
energy from the inner layers, thus permitting the 
energy migration to proceed further. Third, it causes 
a small axial work flow down the hot tube by retarding 
the rotating mass downstream. This axial energy flux 
is indicated by the axial arrows in Figure 3. 

The lowest possible temperature in the cold gas by 
(fie present theory would he that obtainable by a 
reversible and adiabatic expansion from the initial 
state to the final pressure: 

T 2 _ / v, ) (A‘ 1 ) •k ( n 

T x \ 7h / 

If the cold gas could give away all its kinetic energy 
without receiving any heat,, it would emerge at this 
final temperature. So far about 1/2 of this temperature 
drop has been attained in the mixed cold gas, and about 
4'7 in the core of the cold gas. Considering all the limb 
tations of the actual process in the tube, it would 
appear that little further improvement could be 
expected. The process in the tube is highly irreversible. 

Further details of the mechanism are given in the 
Appendix. 

PART II. THE EFFICIENCY 

Tfie two common methods of heating — combustion 
and the passage of an electric current through a resist- 
ance — cannot be reversed. One places a higher value 
on refrigeration than on heating because refrigeration 
is so much harder to obtain. It is for this reason that 
in almost no case are we interested in using the hot 
gas from Ranque's tube. While it contains a good deal 
of thermodynamic availability clue both to its tempera- 
ture and to its pressure, there is usually no way to use 
these availabilities directly in the application, and to 
add auxiliary apparatus to recover them would so en- 
cumber the equipment that the original advantage of 
simplicity would be lost. 

We must distinguish between two basic problems in 
refrigeration. On the one hand there is the problem of 
abstracting heat from a body always at a fixed temper- 
ature and pumping this heat out into the environment. 
The domestic refrigerator is an example of this prob- 
lem. For this purpose a Carnot refrigerator is an ideal 
machine while a compression machine is a practical 
machine. A simple stream of cold gas is not suitable for 
this purpose; its use would involve irreversibility and 
inefficiency. 

On the other hand there is the problem of cooling a 
substance down from environmental temperature to a 
certain low temperature. The cooling of air for air 
conditioning is an example of this problem. A proper 
machine for this purpose would be an isothermal com- 
pressor followed by an adiabatic expander. If a simple 
Carnot machine or a simple compression machine is 
used for this purpose, the efficiency of the process is 
only about a / 2 . 


If a machine which is ideal for one purpose is used 
as a criterion for a machine serving the other purpose, 
the criterion is not basic. We shall first look into some 
nonbasic criteria for Ranque's tube as a producer of cold 
gas, and then into a basic criterion. 

Nonbasic Criteria 

Carnot Criterion — We may define a coefficient of 
performance for Ranque's tube as equal to the heat 
taken out of the cold gas divided by the work of re- 
versible isothermal compression: 

C.O.P. = - T ' — Tc) (2) 

/eT, In P '- 
Vc 

where p l and T x are the pressure and temperature of 
tfie gas supplied to the tube, p c and T c are the pressure 
and temperature of the cold gas leaving the tube, c v 
is tfie specific heat at constant pressure, R is the gas 
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constant of the gas, J is the mechanical equivalent of 
heat, and (r is the ratio of the weight-rate of flow of 
cold gas to the total flow. 

The coefficient of performance of a Carnot refrig- 
erator working between the temperatures T c and T x is 
equal to 7\ / (T 1 — Tc). If we divide Equation (2) 
by this quantity, we obtain what may be called the effi- 
ciency of Ranque's tube on the Carnot basis: 


./ c n (T, — T,.)- ( 

1 - 

V'V 

' ~ <T 
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In the second of these forms, T 2 is the temperature that 
would be reached in a reversible adiabatic expansion 
from and 7\ to p c . We must be careful in interpret- 
ing the meaning of Equation (3). 

Suppose we are interested in obtaining cold air at a 
temperature T c . Then if, on the one hand, we use 
Ranque's tube to obtain that cold air and, on the other 
hand, we use a Carnot machine always working at T c 
to obtain that cold air, Equation (3) gives the ratio 
of the works required by the two methods to produce 
the same amount of cold air, or’the ratio of the amounts 




of cold air produced for the same work. Equation (3) 
is a meaningful criterion provided the possible com- 
petitor one wishes to consider can be no better than a 
machine of the fixed-temperature type, such as a Carnot 
machine or a conventional compression machine. Actu- 
ally one would not be using the Carnot machine proper- 
ly; it would be irreversibly and inefficiently applied. It 
turns out that an ideal machine would require only Vo 
the work of this inefficiently applied Carnot machine, 
for small temperature drops. 

The efficiency of Equation (3) has been in the minds 
of several writers but for some reason it does not seem 
to have appeared in print. In Hilsch’s small tube (Fig. 
5) this efficiency reaches a maximum value of about 2.5 
percent at 11 atmospheres pressure. For some reason 



there has been an impression that this efficiency is over 
.10 percent. The efficiency of Equation (3) is approxi- 
mately twice that of the basic criterion shown in Fig- 
ure 6, and so from that figure one can perceive how it 
varies. 

Criterion for Refrigeration at Fixed Temperature — 
Suppose we wish to use the cold air to remove heat 
from a body at a fixed temperature T, r Then the cold 
air can only be utilized from T r up to T,„ so that 7\ in 
the numerator of Equation (2) becomes T h . Also T c in 
the Carnot C.O.P. becomes T h . Then the efficiency be- 
comes : 

Jc v (T h — T r ) (T x — T,,) 

P Fixed temp if \ / 

RTJ,, In--' 

Pc 

This becomes zero if T h — T r because then the cold 
air is not being utilized at all. It also approaches zero 



Fig. 4. Availability due to temperature of a perfect gas 
in steady flow. 


as T h approaches T x if T r does not also approach -21^ 
because then the work of the Carnot machine vanishes: 
It tends to be a maximum when T h is halfway between 
T r and T u and at that condition it has roughly y 2 { the 
value of the basic criterion shown in Figure 6, ’ or$a 
maximum of around 0.6 percent. The approximate 
factor of 4 between Equations (3) and (4) when 
is halfway between T c and 7\ is due to the fact that’4n 
Equation (4) the Carnot machine is only working' half! 
as hard while at the same time only half the refrigera- 
tion in the cold gas is being utilized. The Carnot ma- 
chine is now being used properly while the cold gas'ds^ 
being used improperly, giving a deficiency of a factor 
of about 2 compared with the basic criterion. -*$§8 
Turbine Criterion — Suppose the competitor against* 
which we wish to compare Ranque’s tube is a reversible! 
and adiabatic turbine producing the same amountiofi 
cold gas a W at the same Temperature T c , the work off 
the turbine being lost. This turbine will require r ;aj! 
smaller pressure ratio than Ranque’s tube, and also| 
its compressor will only have to handle the flow a W$ 
instead of the flow W. The ratio of the work of the*? 
turbine’s compressor to the Ranque tube’s compressor? 
turns out to be 
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where T 2 is the final temperature in a reversible adia : ; 
batic expansion from p x and T x to p c . ^ 

This efficiency is rather insensitive to the pressure,^ 
unlike the efficiencies of Equations (3) and (4), and; 
furthermore it is slightly higher at low pressures. In] 
Hilsch’s small tube (Fig. 5) at 11 atmospheres it has] 
a maximum of about 13 percent at a (X of about 0.6,1 
while at 2.5 atmospheres it has a maximum of aboutj 
15 percent at a (r of about 0.7. It is the loss of all th^ 
work from the turbine which permits Ranque's tube to 
show up much better in this criterion. Where a tur- 
bine is being used in this way, Ranque’s tube is per-: 
haps within a factor of 4 of competing, allowing for, 
inefficiency in the turbine. hi 

Hilsch’s Criterion — It appears to the writer that, 
what Hilsch calls the efficiency is the coefficient of per^ 
formance of Equation (2). For the curves of Figure^ 
5, at 11 atm this has a maximum of about 0.12 at a (trl 
of about 0.6, at 7 atm and 4 atm a maximum of about] 
0.14 at a or of about 0.65, and at 2.5 atm a maximum ofj 
about 0.13 at a o- of about 0.6. For a larger tube HilschJ 
makes calculations which seem to show values 40 pe.rf 
cent to 60 percent higher. 


The Bas’c Criterion 

The basic criterion calls for comparing Ranque,^ 
tube against a reversible producer of cold gas, suchiaS 
a reversible isothermal compressor followed by a rqa 
versible adiabatic expander. Let us make this company 
son using the concept of availability. 

The availability of a system is defined as the mini^ 
mum amount of work required to bring the system 
from the dead state to the given state, operating inf| 
large environment at a given temperature and pressure* 
It is also the maximum amount of work that can-vt><j 
obtained in reducing the system to the dead state. 
It is equal to the amount of work by any reversibly 
process. ;r |8I 

It is shown by Keenan ,{ that the availability ofjjg 





pun* substance flowing steadily in the absence of 
changes in electricity, magnetism, capillarity, gravita- 
tional position, and velocity is given by 

a = J l(h — K) — T„ (s — «,) J (6) 

jn which the subscript, f)) refers to the dead state — viz., 
that state in which the substance has the pressure of 
the environment, p u , and the temperature of the en- 
vironment, T 0 . 

For a perfect gas, Equation (G) reduces to 


T , T k — i , V 

a — Jc p l 0 rj\ " 1 In + j c ' in ^ 


(7) 


In Equation (7), a has the units of ft-lb per lb. The 
last term represents the availability due to the pressure 
of the gas, and it will be recognized that this is simply 




Fig. 5. (upper) Data of Hifsch for his small tube. Tube 
diameter 0.192 in., orifice diameter 0.0916 in., diameter 
of the single nozzle 0.0459 in., total flow at I I atm 18,2 
lb per hr or 4.12 cu ft per min requiring 0.623 hp for 
reversible isothermal compression. Cold air discharged 
at I atm abs. 


Fig, 6. (lower) Basic efficiency as producer of cold air 
only from Figure 5 and Eq. (9). 


the work of isothermal compression or expansion. If 
the pressure is lower than that of the environment, the 
last term is negative because work must be expended 
to pour the gas out into the environment. 

The first three terms are a more interesting function; 
their sum represents the availability due to the tem- 
perature of the gas, and it is a property of this func- 
tion that it has a positive value whether T / T 0 > 1 or 
T /T 0 < 1. That is because a heat engine can be oper- 
ated using the gas either as a source of heat or as a 
sink, according to whether T > T n or T < T n . The 
reversible process required can be accomplished by 
using an infinite series of Carnot engines, each operat- 
ing at a slightly lower or higher temperature than the 
last, or much more simply by an adiabatic compression 
or expansion followed by an isothermal expansion or 
compression to restore the pressure. In Equation (7) 
the first two terms amount to Jc p (T — T n ) ; this is 
the heat exchanged with the gas. The third term is 
the amount of heat exchanged with the environment. 
The difference is the amount of work involved. 

Figure 4 shows how the availability due to tempera- 
ture varies. It is seen that for small temperature 
changes it is approximately proportional to the square 


of the temperature drop. Therefore a pound of gas 
at 10 deg F below the environment is worth approxi- 
mately four times as much as a pound of gas at 5 deg 
F below the environment. In calculating the availa- 
bility for small temperature drops, one is subtracting 
nearly equal, numbers in Equation (7), and it is ad- 
visable to expand the logarithm in a series, giving 

We now define the efficiency of the Ranque tube as a 
producer of cold gas as equal to the work required by 
a reversible machine producing the same amount of 
cold gas at the same temperature divided by the work 
required by Ranque’ s tube using a reversible isothermal 
compressor. This gives 
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In Figure 5 are shown Uilsch’s data for his small tube 
and in Figure G is shown the efficiency of this tube com- 
puted from those data using Equation (9). Since the 
air was actually somewhat humid, the availability was 
slightly higher than that credited to it. It is seen that 
the efficiency is in the neighborhood of 1 percent. For 
larger tubes under ideal conditions the efficiency may 
reach 2 percent. 

If the hot gas is credited as to temperature availa- 
bility, the efficiency of the tube of Figure 5 is of the 
order of 2 percent; if the hot gas is credited as to tem- 
perature and pressure availability, the efficiency ranges 
between 10 percent and 20 percent. 


Conclusion 

To air condition a passenger automobile requiring 
7000 Btu per hr of refrigeration, assuming a coefficient 
of performance of 0.13, would require an ideal horse- 
power of 21. This would call for a larger tube which, 
also operated at a somewhat higher pressure, might 
bring the actual horsepower to a minimum of 20. For 
a domestic refrigerator requiring 400 Btu per hr, using 
the same assumptions, the ideal horsepower is 1.2. 

V. Shaefer and I. Langmuir, in their celebrated work 
on the artificial causing of snow, have found that the 
ice crystals in the cold air act as very good seeds for 
the snow. Where a gas is throttled to obtain liquid 
by the Joule-Thomson effect, the Ranque tube would 
produce more liquid per pound of gas supplied to it. 
Some of the liquid would collect on the tube wall near 
the nozzles and should be drained off through proper 
openings before it is re-evaporated. However, in most 
cases where such throttling is done on an appreciable 
scale, the products pass through heat exchangers which 
maintain the process, and it would produce no ad- 
vantage thermodynamically to use the tube.* Hilsch 
uses the tube in a small gas liquefier in place of an 
expansion engine or other preliminary cooling means; 
advantages of rapidity of starting are cited. 7 

While Ranque’s tube is finding a few isolated uses, 
we have seen that it cannot serve in installations of 
size where power consumption is a consideration. For 
refrigeration in minute quantities or for very, occasional 
use where stored compressed air is available, it is suit- 
able. It remains one of the most remarkable inventions 
of the century. 

* Private communication from Prof. S. C. Collins. 
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APPENDIX 

Theories of Ranque and Hilsch 

In 1933 1 kamiue wiote. “The compressed external layers only have a 
low velocity while the expanded central layers have the greatest part of 
their energy in kinetic form and rotate at a very high angular velocity, til 
incompressible fluids, to a first approximation, the angular velocity of each 
layer is inversely proportional to the square of its diameter.* 

“It follows that such a distribution of velocities gives rise to considerable 
friction between one layer and the next, such that if the layers arc long 
enough, an equilibrium will tend to he established in which all the layers 
acquire (he same inundar velocity. Therefore there is a cent i if uiial miqut- 
hini of cnenjy, the central layers giving their velocity to the external 
layers.” ( Italics Ranque’s.) 

In 1946 1 Hilsch wrote, “The air passing through the onltce has been 
expanded in the centrifugal field from t lie region of high pressuie at the 
wall of the tube to a low pressure near the axis. During this expansion 
it gives a considerable part of its kinetic energy to the peripheral layers 
through internal friction. The peripheral layers then flow nwoiy with in- 
creased temperature. . . . li there were no internal friction, the velocity 
of i he air would increase to a supersonic value in the expansion from the 
circumference to the axis, sufficient pressure ratio being available. lhe 
internal friction is particularly effective in this range of velocities. Jt 
causes a How of energy from the axis to the circumference by tijing to 
establish a uniform r.ngutar velocity across the entire cross-section of the 
I uhe.’* 

Flow in the Vortex 

The How possesses rotational symmetry so that condition- are independent 
of the angular coordinate 0. The basic equations are the momentum or 
Navier-Stokcs equation, the energy equation, the continuity equation, and 
the equation of state. These, combined with the boundary conditions, 
could give the solution for everything that happens^ in the tube if the 
prodigious mathematical task could tie carried out. Since this is too diffi- 
cult with friction and heat transfer, we investigate the situation that would 
exist if - the effects of friction and heat transfer w r ere negligible. 

Assuming steady flow, perfect gas, no friction, and no heat, transfer, the 
How will he irrotational, reversible, and adiabatic, and ibe vortex will be 
a free vortex (w, — d />”). We may then wmitc equations of energy, stale, 
isentropic change of state, constant angular momentum, continuity, defini- 
tion of velocity potential 0, and definition of stream function 0 . 1 h^ last 

three of these equations are as follows: 

<) (pur) b (/mr) 
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where the subscripts oti 0 and 0 indicate partial differentiation . Equation 
(12) is a consequence of Equation (10); the failure of the tangential 
velocity v to appear means that J constant will not he a streamline, 
but a stream-surface of revolution. . . 

If all of the above-mentioned equations are solved for 0 and y with 
the Mach numbers M as parameters, the result is the following patttnl 
differential equations of the second order:** 

* Ranque need not have limited this statement to incompressible flow. 

** Sauer 5 gives for spatial flow* in cylindrical coordinates a general 
equation for 0 which reduces to Eq. (13) for rotational symmetry For 
axially symmetric spatial flow without vortex he gives equations for 0 and 
0 which amount to Eqs. (13) and (14) with M 0 missing. 
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where Mr w/c, Mr s? u/c, M n - vfc, c 2 - (sound velocity >* = ^M 

It is seen that if either Mz or Mr becomes greater than unity, certain 
terms change sign. This means that the flow would go over to a supersonic 
type and shock waves or limit lines could then appear. Howe vermin 
Riinque’s tube if seems certain that, because of the small flow density.. in 
tbe radial and axial directions at all points, Mr and Mr a re well below 
unity everywhere except that Mr may approach unity m the cold-gas ^ orb 
flee." The latter event is unimportant in the present consideration. -I 

If the tangential Mach number M n becomes greater than unity, -,tW 
are no changes in sign, and therefore the character of the flow’ remains 
unchanged. The occurrence of supersonic, tangential velocity would notibe 
accompanied hy the limitations of ordinary supersonic flow, and a .'con j 
tiniu’us transition from subsonic to supersonic flow or the reverse would-be 
possible without hindrance. Under typical operating conditions the .value 
of M„ at the nozzle exit is near unity and M „ would he exi ted to; reach 
high values such as 2 or more at smaller radii; it would lie indicated).by 
Equations (13) and (14) that this is free to occur. JDDch speaks' of 'the 
particular effectiveness of internal friction at high velocities: tins thought 
niav apply to the supersonic vortex in that small shock waves or shock lets 
mav come and go, without very much changing the velocity distribution but 
increasing the turbulence and shearing friction. No steady shock »S. pos- 
sible if s\ mined y is preserved. ' cy? 

The irrotaticna! or frictionless type of flow cannot, of course penetrate 
verv near to the axis, because of the energy limitation. As in all vortices, 
on 'and near the axis the vortex will hr approximately forced (w^= 

C0 ‘if t, ai[ ) the Mach numbers in Equations (13) and (14) are *ct equaD'td 
zero, we have incompressible flow. T'hc vortex disappears entirely from 
the equations. Therefore the vortex only influences the «haj«e of he 
sf ream-surfaces of revolution to whatever extent they aie 4ufted at the 
boundaries. Tl.e last trrms. an.l U ,/. account for tl.c (trout, t rtcal 

.queezinc of tbe flow at the center of the tube tine to the areolar shape, 
since ..as preceding towanl tbe center encounters a flecrras.nt! cross, 
section. When the compressible vortex is su|H‘i*poscd. witli .W t taking on 
finite values. Ibe mapnilmlc of Ibe squee/inp leans is amply increased. 
This is due to the density gradient caused by the voitex— i.e., to com- 

1 1 Tile VtrVani-surfaces are, then, squeezed outward by both the geometrical 
effect and the density effect, resulting in a rapid increase in the spacing of 
the stream-surface toward the center of the tube From the continuity 
equation the distance between stream-surfaces very close toeciner \anes as. 

c, _ - 1 ; - <4 

rp Mir -|- tc - 

' ':4' 

Fricfion in the Vortex 1 

In general at any point in a fluid there may exist Dx shear stresses 
on on elemental y volume of tbe fluhl: two mutually perpeurbcular shear 
stresses on each of three mutually perpen, icular faces. I'.Mn? ^ 
coordinates for Kanque’s tube, two of these shears vanish because of 
rotational symmetry. These arc the two shears on a stir ace j^rpe' d cular 
to tbe tangential velocilv. The letnautm,; four shear stre-es cl. can 

exist in tbe tube are shown in 'fable J, evaluated fot l.umnar 


Table t. Work or Power Flux 


[I'm* flux 
emnf'oncnt 

cl s social ed 
shear stress 
( laminar value) 


M afiuit tide 
( laminar value) 


Direction 
of work 
Mechanism fl a* ft 

Pi* 

bio 

r,„ -- pr 

br 

- IP, 

bio 

„ — /" Y’ - 

hr 

t IS, 

one cylinder radial 

turning \sitliin ^ 

another 

P:. 

bic 

r ;/ , ::: fir ■- 
<)r 

dP 

bio 

n -- •— /'»' 

tVc 

(IS: 

one tran-ver-e 
plane turning -Ba 

against another 

Pr: 

bw 

br 

t IP, 

bio 

br 

dSr 

one cylinder radial 

slipping -axially -qf 

within anotlier ' A 

:*;TJ 

P.r 

bu. 

Tzr =Z H 

ba 

dP 

bu 

. — .... p u - - 

b~ 

dS , 

j > a r t of a trans- 
verse plane slip _ 

]iing radially against —-J 
another plane ' 


■MV, 


turbulent flow the viscosity ft simply becomes a nuuli larger V ^ 

Table 1 the first subscript indicates (lie pc. pciidicular to the plane ot tn 
shear stress, w hile the second indicates the direction of t! ! e , 5h ^ st f ^*{ n ? J 
In cylindrical coordinates, the shear stress caused by the turning 

of one cylinder inside another, is not given by t r 0 P ■ That ^ ^ 

would be incorrect is seen in tbe ease of rotation as a solid body, where; 
Tr, must be equal to zero while bv/br is not equal to zero. lhe correct 
elation is t ’ j.? 

( 16 )] 

br 

in Ranque’s tube this is by far the largest shear stress and it is tlij 
irimary cause of the energy migration. 

* lu" a plane voitex (6/6. = 0). because of tbe restraint of the sides. J 
mbsnnic radial Mach number is forced to increase with decreasing radtusi 
n order to pass tbe flow radially, giving a limit line where - 
mitv This happens whether a vortex is superposed or not. Jn Ranque s 
uhe the axial freedom permits the flow to spread lengthwise. 


( bv v \ 

i7 “ 7 ) = /,r 4 



Til i.<5 shear stress is constantly at work to convert the free vortex into a 
{oreed vortex, Tin t it is able to '!■> so only in a surprisingly indirect manner. 
Suppose that a free vortex exists in some region in the tube. Then in this 
tetfion, lo rr- constant / > 2 C/r 7 , ami bio/br ~ -- 2( /r'. Then from 

Equation (16), T, p - 2 pC/i 3 . Thus the torque noting on a cylindrical 

j,m face of radius r ami unit axial length is 


To adapt Equation (22) to tuibulent flow, we only need to affix asterisks 
to /£ and k so that they will now represent the turbulent viscosity and the 
turbulent thermal conductivity: 

Work Flux ft* g c } t 

~ 2 — = 2 A r V,„.»,m (23) 

Heat I* lux k* 


( 

() -- 2/t X 2 r.r X I X r -Dr/iC (17) 


I his is a constant. Therefore, on any thin or thick cylinder of the gas, 
there is a torque acting on the outer suitaec, and an equal and opposite 
torque acting on the inner surface. The cylinder experiences no net torque 
and consequently the friction cannot either slow it down or speed it up. 
The solution to this state of affairs is explained by Kassner & Knoei nsehild. 
The innermost and outermost layers of the vortex those at the axis and 
tube wall, respectively ---do not have this balanced torque because they are 
at the boundaries. Therefore the friction can act to slow down the inner- 
most layers and speed tip the outermost layers while the interior la>ct$ 
undergo no change in speed. (liven sufficient time and space, a forced 
vortex will progressively eat its way into the free vortex from the boun- 
daries until the two advancing fronts meet and the free vortex has been 
completely destroyed. 

K. iS: K. have analyzed t lie turbulence in the tube and found that the 
turbulent shear stress is everywhere a constant times the laminar shear 
stress. In other words the viscosity is simply increased to a certain high 
hut constant value. Therefore the same deductions made from Aquation 
( 17) for laminar flow should hold, at least approximately, for turbulent 
flow. K. & K., by estimating the shear stress, draw a picture showing 
how the regions of free and forced vortex might appear in Eanque’s tube. 
An idea of their picture can he obtained as follows: In Figure 3, locate a 
point halfway between the letter b and the wall of the tube. 1‘iom this 
point draw two straight lines, one to ihe Icfthatu! corner of the nozzle exit 
and the other to the corner of the orifice near the letter ft. 'I lie triangle 
so drawn is a cross-section of the pointed annulus in which the vortex is 
free; everywhere else it is mainly torced. 

Pending experimental measurements, the shape and length of the free 
vortex envisioned according to this theory must he considered quite 
indefinite. 

Flow of Work and Heat in Ranque's Tube 

In a fluid where there is a gradient of velocity causing shearing friction, 
if we imagine a surface lying parallel to the flow and perpendicular to the 
veloci I v gradient, the fluid on one side of the surface is doing work on 
the fluid on the other side. If the shear stress at the surface is t and the 
velocity nf the fluid is V, the rate of flow of work (power) per unit area 
of surface is 

P — tE ft-lb per sec ft 2 U*8) 

The work flows perpendicularly across the surface from the more rapidly 
moving fluid to the less rapidly ’moving, fluid. The amount of heat generated 
in the surface itself is infinitesimal, because the surface is infinitesimally 
thick and the difference in velocity across it is infinitesimal. Therefore 
although some of the work may be dissipated into heat somewhere beyond 
the surface, all of the work goes across the surface. 

With each shear stress in Ranque’s tube there is associated a rate of 
flow of work according to Equation (18). These are shown in 'Fable 1. 
in Table 2 are shown the two possible heat flows caused by gradients of 


static temperature. 

Table 2. Heal Flux 


Heat flux 
component 

Magnitude 
(la miuar value ) 

Direction 
of heat flux 

Qr 

bT 

dq r — K — dSr 
br 

radial 

Q ' 

bT 

dq* — K — dSz 
bz 

axial 

dSr 

- 2 7T> \dz\ dSz = 

2 nr |rfr| 


In Tables 1 and 2 the signs are taken as if the origin of coordinates 
were a thermodynamic system: work flowing away is positive, heat flowing 
away is negative. The work always flows from the more rapidly moving 
gas to the less rapidly moving gas. 

Since the two predominant energy fluxes are the centrifugal work flux 
P r 6 and the centripetal heat flux qr, let us find their relative magnitudes in 
a free vortex under the simplifying assumption that the gradients of the 
radial and axial velocities w and iv arc small so that 7 will be a function 
of the tangential velocity v only. Then the energy equation is 

C 2 

r 2 -|- 2gJc P T — w 2 D 4- 2gJc v T — — -f 2g Jc P T = constant (19) 


Tlic rate of centrifugal work flux across an elementary cylindrical area 
dSr is, from Equations (16) and (18), 

6 ai C 2 

dP = rvdSr — — - /ir 2 w — dSr “ 2(t dSr (20) 

br r* 


The rate of centripetal heat flux across the same area is, from Table 2, 

or c 7 

dq — k dSr ~ k dSr ( 21 ) 

br Jgcpt* 

Therefore the ratio of the work flux to the heat flux is constant through- 
out the vortex, and over any area the total work flux is related to the 
total heat flux by the equation 


Work Flux P ft g c v 

— — — 2 " 2 Afi'mmiti 

Heat Flux Jq k 


( 22 ) 


This equation' applies either to rates or to total quantities of energy flow. 
In the corresponding classical problem in Cartesian coordinates, the co- 
efficient of the Frandtl number is unity instead of 2. Equation (22), then, 
reveals a peculiar property of the free vortex. 


Equation (23) is a basic equation for Ranque’s tube. 

Is the tin Indent I'randtl number equal to the laminar Frandtl number? 
II v the kinetic theory of gases and the theory of turbulence, they should be 
equal because turbulence is considered to be the same process as molecular 
diffusion, hut on a much larger scale. Furthermore, a number of experi- 
ments mi rations gases under various conditions of Cartesian and polar flow, 
recently correlated, corroborate this theory; the turbulent Frandtl numbers 
lie in the range 0.7 to 0.85.* 

For the laminar Frandtl number McAdams **_ gives the following values 
at 1 atm. and 212 K: for air, CO, lb, N 2 , and On, 0.74; for COi and SO 2 , 
0.80; for ethylene, 0.83. These are fairly independent of temperature and 
pressure. 

This leads to the following conclusions. The higher the Frandtl number, 
the better would we expect Ranque’s tube to perform, other tilings being 
equal. Fot a I’randtl number of 1 /2 we should expect no temperature 
change. For a Frandtl number of less than 1/2 we should expect the tube 
to deliver hot gas from the orifice and cold gas from the tube. 

However, the range of Frandtl numbers in nature is too small. McAdams 
cites tlie semi-empirical formula, 

<1 

A I’riindtl ~ (24) 


9 

k 


Inserting the 

basic values 

of k into Equation 

Gas 

k 

N V v n ml t 1 

Monatomic 

1.67 

0.666 

Diatomic 

1.40 

0.737 

Triatomie 

1.2S 

0.786 


'Therefore if seems unlikely that Ranque’s tube could ever be caused to 
operate in the reverse manner. There is possibly just enough difference 
between the Frandtl mtmbeis of some gases to show the dependence pre- 
dicted in Equation (23). 

If we assume the inner gas gives away all the possible work 
i p A Y'f s.Mit mp 1 c, where A 7'i ,-.ntro|i I v is defined in Equation ()), '/c obtain 
the maximum possible temperature drop of the cold gas from Equation (23) : 



A T I son tier ' c 2 N * Cnnul 1 1 


For A’" n midi 1 — 0.75. an approximate value for air. Equation (25) gives 
a temperature drop ratio of 1/3. Since Kanque’s tube lias exceeded this 
performance almost by a factor of 2, we may conclude that some of our 
simplifying assumptions have introduced appreciable error, or that the tur- 
bulent Frandtl number in Ranque’s tube is, for some reason, higher than in 
other types of flow. 


The Problem of Predicting the Performance 

'To calculate tlie temperature drop of the cold gas by integrating the work 
and heat flux across tlie dividing stream-surface would require knowledge 
of the following quantities on that surface: the size and shape, tlie angular 
velocity and its gradient, the gradient of static temperature, the turbulent 
viscosity, and the turbulent thermal conductivity. It would, therefore, be 
a formidable, even hopeless, task to try to predict tlie experimental results 
accurately by this method, particularly since all these quantities would have 
to lie determined for all conditions of operation. 

If we assume that tlie effective portion of the dividing stream-surface is 
a cylinder of length / and radius r, and that a simple free vortex exists in 
this region, we then -obtain tlie following formula by applying Equations 
(20) and (23): 


A 7 coJd gns — 


Ja\V Cp 


""•( 7 )’ ('-rA) 


ft 

ft 


(26) 


A sample calculation may be made for Hilsch's small tube (Fig. 5) with 
the following assumptions: r/ — tube radius ~ 0.1 in., vj = nozzle jet 
velocity — 1000 ft per sec, rj/r — 2, / ~ 6rj — 0.6 in., 0 — 1/2, 
W -m total flow r= 18 lb per hr, c P — 0.24 Btu per lb F, ft — 
3.2 X 10 -7 lb-sec per ft 2 , N*Pr = 0.75. Assuming a Reynolds number 
can be assigned to the flow equal to the nozzle jet velocity multiplied by 
the tube diameter and divided by the kinematic viscosity, then using a 
kinematic viscosity of 1.3 X KM ft 2 per sec, this Reynolds number is 
128,000. Assuming the viscosity ratio ft* /ft is the same as it would be 
in ordinary pipe flow in a perfectly smooth pipe at this Reynolds number, 
the viscosity ratio is 350. Then substituting all these quantities into 
Equation (26), the result is A7' C oi<i go* = 20 F. Since this is only about 
one-fourth of the experimental value, it would appear likely that the turbu- 
lence is a good deal more intense than was assumed. 

To approach more closely to the prediction of the temperature drops, 
K. & K. have invented the following procedure, best understood by con- 
sidering the imiflow type alone. At a certain section near the discharge 
end of the tube, the vortex is considered to have become completely forced 
(w — constant). The axial velocity is assumed uniform and the radial 
velocity zero. 'The distribution of states across the section is assumed to 
he that of reversible and adiabatic changes of state of the small pockets of 
gas as they move in and out radially in the turbulent flow, leading to the 
equation p/p k ~ constant. This, combined with the equation for centrifugal 
pressure gradient and the equation of state, gives an integral solution for 
all properties across the section in terms of three unknown parameters. Io 
calculate these, one applies tlie three conditions that the total energy, the 
total flow, and the total angular momentum crossing the section are re- 
spectively equal to those quantities at the nozzle exit. A correction can 
be made for loss of angular momentum on the tube wall if desired. Having 
finally solved the forced vortex entirely, one separates the flow at any 
desired radius. . . , , . , . .1 

K. & K. cite sample calculations by their method which are in reasonable 
agreement with experimental results. The mathematical task is formidable, 
and it is apparently impossible to express the results in a general way and 
still retain accuracy. 


* Private communication from Prof. A. H. Shapiro. 

** Heat Transmission, McGraw-Hill Book Co., New lork, 1942, p 4b. 
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A Simply Constructed Vortex Tube for Producing Hot and Cold Air 
Streams 

By M. I 1 . BlabI'K, Research Laboratories, Kodak Ltd., Wealdstone, Middlesex 

[Paper received 2 January 1950J 


ABSTRACT . Uilsch has demonstrated that a jet of air to which 
a spiral motion has been imparted can be separated into two streams, 
one heated by compression and the other cooled by expansion. 
A simplified form of Uilsch ’s device is described, which will produce 
a stream of hot air and a stream of cold air (maximum temperature 
88° C., minimum temperature — 20° C.) from a source of compressed 
air at room temperature. 

I lilsdi* has described the construction and performance of 
a vortex tube in which compressed air is admitted through 
a tangential nozzle into a suitably shaped cylindrical container, 
from one end of which the air escapes at an elevated temperature 
and from the other end at a reduced temperature. The per- 
formance of this remarkable device is astonishing. For 
example, using the simplified version described below, air 
admitted at 4 atm. and 15 0 C. emerged from the hot end of the 
tube at a maximum temperature of 88" C., and from the cold 
end at a minimum of - 20° C. The effect depends on the fact 
that the rotating air stream produces a region of increased 
pressure near the wall inside the cylinder, and a region of 
decreased pressure near the axis. The device separates air 
from these two regions into two streams, one heated by 
compression, and the other cooled by expansion. 

In his paper, Uilsch states: ‘The use of a thin-walled 
German-silver tube and the arrangement of screws and 
flanges for the assembly as described earlier reduces the heat 
transfer between the warm and the cold part to a small value. ’ 
It occurred to the writer that heat transfer could be still 
further reduced by constructing the device in a material of 
low thermal conductivity, such as Perspex, with glass tubes 
to carry off the hot and cold air. Additional advantages in the 
use of Perspex are the ease with which it can be machined and 
cemented and its transparency, which allows any blockage of 
the device by snow or dirt to be observed without dismantling. 

In the device as described by llilsch, the air injected through 
the jet travels once round a spiral channel (i.e. similar 
to one turn of a watch-spring) before continuing to spin in 
a path of circular cross-section. This spiral channel is some- 
what troublesome to construct and a circular channel was 
experimentally substituted. The change caused only a small 
decrease in efficiency and lias made possible a very simple 
method of construction. Fig. 1 a shows the component parts 
of the simplified vortex tube. The five components A. to R are 
all made from 1 in. diameter Perspex rod, faced and bored to 
the appropriate internal diameter in the lathe. Care should be 
taken to ensure that the faces are parallel. A and E are bored 
to the outside diameter of the glass tubing which they will hold, 
in this case i2‘5 mm., and are both 20 mm. thick. B is 2111m. 
thick and is bored to the same internal diameter as that of the 
glass tube, 9*6 mm. C is 2-5 mm. thick and is bored to 14 mm. 
internal diameter. A tangential cut 2-3 mm. wide is made in 
this part as shown. This will form the jet when it is cemented 
between B and D. D is 2 mm. thick and is bored to 4-3 mm. 
internal diameter. The bore of each part is carefully polished 
with Perspex No. 1 polish, as is the jet slot. The parts are then 
cemented together with chloroform in the order shown (i.c. 
A to B, B to C, C to D, D to E). When the resulting cylinder 
is firmly cemented, a fiat surface is filed or milled on it parallel 
to its axis and at right angles to the jet. The flat surface is cut 



Fig. 1. Vortex tube and components: {(i) component parts; ( b ) end 
view showing inlet tube; (r) side view of tube in operation, 
showing disposition of component parts 



Fig. 2. Experimental results showing performance of vortex tube: 
A , °C. (hot); B, °C. (cold); E t ft. 3 /min. (hot); F, ft. 3 /rnin. (cold) 


* Hilsch, R., Rev. Sci. lustrum. 18 , p. 108 (1017). 



sufficiently deep to form an emplacement on to which the 
inlet tube F may be cemented (Fig, i /;). The inlet tube has 
a bore of 5 mm. diameter and care must be taken to cement it 
coaxially with the jet. Lengths of glass tube arc now fitted into 
each end of the Perspex assembly; they should lit reasonably 
tightly to avoid air leakage. 

The ‘hot’ tube, fitting into A, should be at least 50cm. 
long and must have a short piece of stout rubber slipped over 
its open end. This is fitted with a screw-clip and acts as 
a variable ‘throttle'. The length of the ‘cold' tube is not 
important, but may, if convenient, be made the same length as 
the hot tube. The inlet tube F is connected to a compressed 
air line and the air is turned on. If the screw-clip on the * hot' 
tube is then progressively tightened, the issuing air will 
become hotter and hotter as its How is diminished. When 
diminished too much the temperature of the air tails owing to 


the heat loss becoming greater than the rate at which heat can 
be supplied by the air. The temperature of the air in the 
‘ cold ' tube falls as the air flow in this tube is decreased (by 
allowing a greater flow through the ‘hot’ tube). Here also, if 
the air flow is decreased too much, more heat is absorbed from 
the surroundings than can be compensated by the small flow of 
cold air and the temperature will rise after passing through 
a minimum. Fig. 1 c shows the device in operation, with 
a heavy deposit of frost on the ‘cold’ tube. 

The performance of the vortex tube described above when 
fed with air at 4 atm. is shown in Fig. 2. It will be seen that 
the temperature and volume of air from both * hot’ and * cold ' 
tubes are plotted against a series of throttle settings chosen to 
give a convenient set of air-flow readings from the ‘hot’ tube. 
The extremes of temperature reached will be seen to be 
88° and - 20° C. 


Science News 
Dec emb er it , 19 #2 
Vol. 122, p. 353 


A new, sound way to refrigerate 


The steam engine, the internal combus- 
tion engine, the Stirling engine, the re- 
frigerator and the heat pump are all exam- 
ples of heat engines. At a recent meeting 
of the Acoustical Society of America, 
physicist John C. Wheatley of the Los 
Alamos National Laboratory reported a 
new addition to the list: the "acoustic heat 
engine,” which uses sound waves to gen- 
erate temperature changes. This acoustic 
device is an application of general princi- 
ples that open up the possibility of a new 
class of heat engines, says Wheatley. 

Wheatley’s acoustic engine consists of a 
1-rneter-long tube, about 3 centimeters in 
diameter and closed at one end. A stack of 
fiberglass plates, about 10 centimeters 
long and spaced a millimeter apart, sits in- 
side the tube (see diagram). The tube is 
filled with a gas (helium, in this case) and 
closed by a piston that can vibrate at 
acoustic frequencies, from 150 to 1,000 cy- 
cles per second. If the plates were not 
present, the piston’s vibrations would 
simply cause the tube walls to heat up. 
When the plates are inserted and the pis- 
ton vibrates at such a frequency that 
acoustic resonance occurs, "then some- 
thing really remarkable happens,” says 
Wheatley. One end of the plates rapidly 
becomes cold while the other heats up. In 
a few minutes, the temperature difference 
may be 100°C or more. 

Wheatley says that as the gas in the tube 
oscillates across a plate’s surface, heat 
flows out of one end of the plate, through 
the gas along the plate’s surface and back 
into the other end. "As the temperature dif- 
ference develops between the two ends, 
the amount of heat that flows decreases, 
and there is a more-or-less limiting value 
of the temperature difference, depending 
mainly upon the gas,” he says. 


“The plate material doesn’t matter,” 
says Wheatley. "However, if you want to 
develop a longitudinal gradient, then it’s 
important that you not short out the effect 
by having all the heat you’re pumping in 
the gas come skidding back down this 
solid material.” A thermal insulator like fi- 
berglass works better than a metal. 

Wheatley acknowledges that an enor- 
mous amount of prior work has been done 
on thermal acoustics. For example, “creat- 
ing sound from heat is a most exceedingly 
ancient topic,” he says. What’s new is the 
insertion of plates inside a tube and the 
potential use of such a device as a kind of 
refrigerator (by utilizing the cold end). 

More significant, Wheatley says, is that 
the principles embodied in the acoustic 
heat engine may apply to a broad range of 
physical systems. Instead of a gas and 
plates, any two thermally active materials 
in reciprocating motion with respect to 
each other can be used. The effect would 
occur as long as several thermodynamic 
conditions are met. These general princi- 
ples can apply, for example, to magnetic 
solids oscillating in a magnetic field. "They 
may apply to other physical processes 
that on the surface aren’t remotely con- 
nected with the general thought of heat 
engines," says Wheatley. 

What’s next? “Thought,” says Wheatley. 
"We’re going to do a quantitative study of 
heat flow, work flow and so on in this en- 
gine. Then we are going to try to think of 
ways of making it into a cooling engine.” 

"It’s really important to note that we do 
not have any kind of a practical device,” 



Wheatley cautions. It may be possible to 
achieve cooling to cryogenic tempera- 
tures, but several more ingredients have 
to be added. Meanwhile, Wheatley and his 
group have submitted a paper on the basic 
ideas behind the acoustic heat engine to 
Physical Review Letters. — /. Peterson 
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Fluid Action in <lie Vortex Tube 

t Ur port of Experiments in Which a Colored Liquid Is Introduced into a J ortex Tube 
In Enable l isual Study of the Strange Separation of Hot and Cold Air 


Hoi / }iucGee Jr. 

Simmons Col l cue 
Host on, Massac hit s c / / ,s 


1 \ ■ pk ; 1 . 1 . i i • m * I ' j i I ; i i m { u e developed u method 

: se] -aral ing it stream ul' compressed gas into two 
s: .ms of p r :ts, it; a lower pressure, having a definite 

:ure differential. Idle work of Ranque lay 
;.«m 1 until Rudolph Hilsch became interested 
b: ur:ex tube in relation to his low temperature, 

--v; i neails. Tile invest i gat ions of Hilsch were brought 
’o -in* United States by Robert Milton of Johns Hop- 
mi. s University. Since then much independent in- 
’.'•■stieation has taken place in colleges iind industry. 

The vortex tube is it device that separates an in- 
coming stream of compressed gas into separate streams 
of hot and cold gas, both at a lower pressure. This 
result is obtained by causing a vortex in a tube of 
circular cross section. The vortex is created when the 
gas enters into the tube on a tangent to the cross 
section at a high velocity. A study of the cross sec- 



Fig, 1. The uniHow type of vortex tube. 


Fig. 2. The counterflow type of vortex tube. 



Fig. >. A working model of the counterriow vortex tube. 


The perplexing phenomenon of the vortex tni'~ 
also called Ranque' s tube or Hilsch' s tube , whh n 
produces hot and cold air when air under pressure 
enters the tube tangentially , continues to intrigue 
various investigators . In this article the author tic- 
scribes the visual effects that were seen in uniflow 
and counterflow vortex tubes when a trace of colored 
water was injected into the incoming air stream, For 
a thorough discussion of the operation of the vortex 
tube , the reader is referred to the article “ Ranque' s 
Tube" which appeared in the May 1950 issue of 
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tion of the vortex shows the center porUati of the 
vortex to be at a lower temperature and pressure than 
the outer portion. The separation of the center and 
outer portions is necessary if the hot and cold streams 
are to be obtained. This is done by two methods, the 
uniflow and the counterflow. 

The uniflow method of separation is shown in Fig- 
ure 1- The center of the vortex is separated by using 
a sampling tube in the middle to remove the cok: 
gas, and a concentric outer tube to take off hot gas. 

The counterflow method of separation is shown in 
Figure 2. The center of the vortex is forced oik ■ he 
small tube on the left while the outer portion al- 
lowed to flow out the larger tube on the right. 

The hot stream tube must be kept at a higher pres- 
sure than the cold stream tube, since the center por- 
tion of the vortex is at lower pressure. It the cold 
tube exhausts to atmosphere, it is necessary to rot- 
tie the gas flow in the hot tube. 

By holding the physical dimensions of ’ he tube and 
inlet gas pressure and temperature v.-uui. the 
amount of flow through the cold tube a bo varied 
by adjustment of the hot tube throttlii: Si’s *he 

vortex tube obeys the laws of tkermou; ramies, 'db 
throttling also varies the gas temperatures w:: tie 

gas flows. Two interesting cold gas points n. . 
found, the lowest temperature and the greatest 
eration. 

The flow pattern of the gas in the vortex tin e cat 
come to be a point of discussion in the analysis oi 
the tube. The actual facts are unknown to ta.’o: how- 
ever. research is gradually reducing unknown factoi-- 

It is easy enough to imagine what happens at tne 
nozzles when the gas is inducted into the tube, aow- 
ever, this is not quite as easy as it looks when con- 
siderable thought is given to the action within the Tuue ; 

C. D. Fulton Jr. of the Massachu ;s Institute nI 
Technology first suggested the use multiple- nozznp 
rather than the single nozzle and via crammer tic 



by Hilsch. This thought was probably motivated by 
the observations of other students at M.I.T. While 
Mr. Fulton was at the General Electric Company he 
made several tests with eight and sixteen nozzles. 

The statements of Mr. Fulton (Ranque’s Tube, 
refrigerating Engineering, May, 1950) caused the 
writer to become interested in the location of the cen- 
ter of the vortex near the nozzles. The writer has 
built a vortex tube of plexiglas and taken photographs 
of a trace of colored water injected into the inlet air 
Figure 3 shows this vortex tube. 

Figures 4, 5, (>, and 7 show the vortex tube operat- 
ing with one, two, four, and eight nozzles. The small 
round dark spots on the outer periphery of the tube 
a". 1 inlet holes to the concentric manifold connecting 
{: •■ inlet pipe to the nozzles. 



Fig. 4. End view of ,i single- Fig. 5. End view of a ruo- 
nozzle uniflow vortex tube. nozzle uniflow vortex tube. 



Fig, 6. End view of a four- Fig. 7. End view of an eight- 
no.vlo uniflow vortex tube. nozzle uniflow vortex tube. 


.wire 4 shows the pattern of a vortex tube with 
- •< ilar cross section and a single nozzle. The cen- 

to • >f this pattern is seen to be almost on the outer 
ohery of the vortex tube. This single nozzle does 
■ : .rive a satisfactory pattern. 

kg are o shows the case of a vortex tube having 
r - ■ nozzles. The center of this vortex pattern is still 
: in the middle of ne tube. However, it is consid- 
* v.oly better than th single nozzle case. 

Figure G shows the vortex tube with four nozzles. 
The center of this pattern is located fairly well in the 
kindle of the tube. 

Figure 7 illustrates the case of eight nozzles. This 
Pattern is well centered; however, it does not appear 
much better than the four-nozzle case. This would 
indicate that the four-nozzle vortex tube sufficiently 
‘‘outers the gas pattern near the nozzle. It. should 
" ; ’ J f har the photographs show only the paitern 

t :i;e gas in r he near vicinity of the nozzle. 
l’h»- action of rhe gas as it passes down the tube 
n a heiicai pat tern. As the gas traverses the counter- 
‘ ‘urn* - : : a . ; r : 'he hot nine valve, the pitch increases, 
cere > mows the colored water trace of rhe gas 


as it travels down the tube. Actually the eight-nozzle 
test plate was used but, due to the inlet air arrange- 
ment, not all of the nozzles were supplied with fluid. 
This photograph was taken when the hot tube valve 
was open and air was entering the cold tube. The 
water was thrown to the inside surface of the tube 
and formed in the patterns of the pressure distribu- 
tion of the gas. 



Fig. 8. Colored water trace of gas in a counterflow vortex tube. 


When tile hot tube valve is slowly closed down, the 
gas starts to flow through the cold tube. As the gas 
starts to How out the cold tube, a strange unsus- 
pected phenomenon takes place. A round ring of fluid 
completely encircling the tube starts in the vicinity 
of the valve and travels up the tube as the valve is 
closed down. This ring is accompanied by a loud 
whistle of increasing pitch as the valve is shut down. 
The ring comes to a stable position at the point of 
full closed on the hot tube valve. 

A photograph of this phenomenon is shown in Fig- 
ure 9. The colored water is shown as it forms on the 
bore of the tube. The pool of water on the right 
shows little activity as the hot gas fraction flows 
over it. Other observations show a helix until the 
colored water reaches the ring. 

No real theory has been developed for this- “end 
effect." The writer believes this is some sort of turning 
point for the gas as it flows toward the cold tube 
orifice. If this is true, it would indicate a high degree 
of mixing of the hot and cold portions of the gas. 



l 

4k 

Fig. 0. ‘End effect 1 ' in \ counter flow vortex tube. 

This would indicate that the uniHuw type of vortex 
*!iho would be advantageous over the counterflow rype. 

t Amparativ'dy little investigation has he**: 1 , done 
on -he uni flow type of vortex Athe. wen ‘hough -his 
"vne of tube seems to .be more or««m-s!ng ‘ nan trie 
•nu a rerrlnw. This will prohabiy r>» ' i**hermi:>‘d when 
mui'-* v:\esn gat ions are made ■ ‘ or'ex ‘u:o*. 


bore arm of the tube communicates only 
with tlie center of the whirlpool and there- 
fore draws off the cold air. The longer, 
larger-boj e aim draws off the rest of the air 
—tlie hot molecules left at the periphery of 
the whirlpool. 

Varying ratios of hot and cold air can be 
obtained by adjusting the stopcock at the 
warm-air end. The tube is capable of 
simultaneous temperatures of plus 106 : and 
minus 56 F. At “hot” adjustment it can 
produce up to 350* F. 

While the fundamental scientists have 
been arguing, the applied scientists of the 
refrigerating industry have been doing some 
experimenting of their own. Industry over- 
looks no bets that may involve discarding 
methods laboriously and expensively de- 
veloped. At least three big concerns have 
had a look at the tube. At Westinghouse, 
Gaylord \\*. Penney, manager of the Elec- 
trophysics Department, has built a model 
three times the diameter of the original 
tube. He reports: 

“Not efficient for refrigeration. The tube’s 


highest utility is as a laboratory' device. For 
instance, it could be used as a cold trap for 
mercury. It could also be used to cool gases, 
such as helium, prior to liquefaction.” 

Ph ysicists of other companies, together 
with those of the National Bureau of Stand- 
ards, generally agree that the Hilsch tube 
has no particularly rosy industrial future for 
the time being. They point out that while 
the tube giv es 15 to 20 times more cooling 
than the ordinary laboratory method— ex- 
pansion of gas through a nozzle under the 
Joule-Thomson principle— it has refriger- 
ating efficiency of only 20 percent, as 
against 70 percent in household refrigerators 
and close to 90 in larger cooling installations. 

They are loath, however, to disregard the 
provocative commercial possibilities of the 
tube. A more highly refined model might 
attain the therrnodynarnicists , dream of a 
double-purpose unit, on which one switch 
produces heat: another, cold. 

Maxwell and his intelligent demon are 
probably smiling quietly at some astral 
laboratory bench. end 
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The Ranque-Hilsch Effect 

Researchers at the University of Tennessee Space Institute 
have emerged with a radical explanation of the Ranque-Hilsch 
effect, a spectacular and mysterious separation of air in swirling 
motion into hot and cold streams, and have traced the cause to a 
whistling sound present in the vortex flow. 

In 1933, Georges Ranque, a French engineer, uncovered a 
striking phenomenon: when compressed air was introduced into a 
pipe through tangential injection holes (imparting a swirling mo- 
tion) the temperature near the tube centerline became freezingly 
cold, while the temperature near the tube periphery exceeded its 
inlet value. This temperature separation took place without the aid 
of any external mechanical device. The effect became popularized 
later through a paper by Rudolf Hilsch, a German scientist. The 
device which became known as the Ranque-Hilsch tube or vortex 
tube is now commercially available; it is routinely used as a refrig- 




erator without a motor or other moving parts for such purposes as 
machining operations and protection of electrical equipment, since 
even with inlet air at room temperature and at readily attainable 
pressure of a few atmospheres, cold air below 0*F can easily be 
obtained. 

In spite of the simplicity of the Ranque-Hilsch tube, the mech- 
anism of temperature separation has been a matter of long-standing 
dispute. Despite many attempts, the process eluded an adequate 
explanation; some attributed this, in a lighter vein, to Maxwell’s 
demon, an imaginary being invented in the nineteenth century by 
James Clerk Maxwell. This microscopic demon would divide up 
the air by storing faster-moving molecules in one compartment and 
slower-moving molecules in another. 

It had now' long been recognized that a high-intensity whis- 
tling sound — the so called vortex whistle — emanates from vortex 
flow' in general and from the Ranque-Hilsch tube in particular. 
Although previously regarded merely as an annoying by-product of 
such swirling flows and nothing more, the Tennessee scientists hy- 
pothesized that this vortex whistle was, in fact, the main cause of 
the Ranque-Hilsch effect.* k 

In order to verify this, they installed acoustic suppressors, spe- 
cially designed and tuned to the frequency of the vortex whistle, on 
a Ranque-Hilsch tube. When the pitch of the vortex whistle, which 
increases as the flow through the tube is increased, hit the tuned 


frequency, the sound level suddenly tumbled by 25 dB, changing 
from an ear-splitiing whistle to a muffled hiss. At that very instant, 
the tube centerline temperature, which had gone down to as low as 
— 32T, immediately leapt upwards to + 33*F (a temperature 
jump of 65*F), while the temperature near the tube periphery plum- 
meted by lOT. This supported the theory that the vortex whistle 
was indeed the main cause of the Ranque-Hilsch effect. 

The sound deforms the distribution of swirl velocity in the 
radial direction through the mechanism of acoustic streaming 
Acoustic streaming, or sonic wind, is in general a phenomenon in 
which sound or alternating currents of flow modify the time-aver- 
aged, or direct, currents of flow; it is, in a sense, analogous to the 
more familiar generation of electric heat by alternating current. 
Owing to this acoustic streaming induced by the vortex whistle, the 
flow becomes distorted in such a pattern that the swirl velocity, 
with a zero velocity near the centerline, continues to increase in the 
radial direction, like the rotation of a car tire. When the air even- 
tually comes to rest, the higher velocity near the periphery is con- 
verted into warmer temperature while the lower velocity near the 
centerline is converted into colder temperature. 

M. Kurosaka, University of Tennessee 


1. M. Kurosaka, J. Fluid Mech. 124, 139 (November 1982). 



INDUSTRIAL and ENGINEERING CHEMISTRY 



7 eclundotfU 


Maxwellian Demon at Work. The molecule sorter, dis- 
cussed in the more fantastic moods of chemists and physi- 
cists, is brought tantalizing]}' near reality in a small T-tube 
now in the possession of R. M. Milton of the chemistry de- 
partment, The Johns Hopkins University. By merely forcing 
compressed air into the center tube of this deceptively simple 
gadget, a stream of cold air is produced from one arm while 
warm air issues from the other. Milton recently visited 
Germany to investigate low temperature work in connec- 
tion with superconductivity research. He found the appara- 
tus in practical use in the laboratory of Rudolf Hiisch at 
Erlangen, where it replaced the usual ammonia precooling 
apparatus in a liquid air machine. 

Disassembly showed the construction and functional opera- 
tion of the instrument to be fascinatingly simple, as the 
sketch indicates. 



Air forced into the center tube under pressure while the 
valve is fully open passes entirely out of the left-hand tube and 
external air is sucked into the right. However, on partially 
closing the valve, air at a temperature noticeably lower than 
that of the input passes out of the right-hand tube, while the 
temperature of the left effluent rises. Lowest temperatures 
are attained when the ratio of cold to warm effluent gas is 
approximately 1 to 3; maximum cooling is produced when 


the ratio is about 1 to 1. In a recent demonstration l Til- 
ton, using nitrogen at about 100 pounds per square inch and 
room temperature, frost was formed on the cold tube within a 
minute, while the right became warm to the touch. A similar 
effect was produced with hydrogen, discounting explanation 
on the basis of simple Joule-Thomsun effect. Milton stated 
that with air at 10 atmospheres pressure a temperature a> 
low as — 35 c C. could be produced. He stated that tin- 
temperature drop was about 50% of the isentropieally ideal, 
and efficiency of cooling was about 20% in the present state 
of development. 

Why does the gadget work? Hilsch’s explanation, sugges- 
ting frictional loss of kinetic energy by the gas molecules m 
the whirling center, does not satisfy Milton: yet he and vari- 
ous colleagues have not deduced the answer. What is your 
analysis? R.L.K. 

Alcoholism in Engines. The effect of alcohol, in all of its 
popular dilutions, upon the human body has been the 
subject of considerable experimental work. It remained 
for the National Bureau of Standards, however, to in- 
vestigate the results obtained by using alcohol and other 
related compounds as fuels for gasoline engines. 

The evidence from their tests indicates that, although 
the engines enjoy a “lift” with some of the substitute 
fuels and give 2 to 4% more power than with gasoline, 60- 
70% more fuel is required. This would mean that a tank 
capable of holding enough gasoline to carry a vehicle 200 
miles could hold only enough anhydrous alcohol (200- 
proof) to carry it 135 miles. With 120-proof alcohol the 
available mileage would be 60; with 90-proof, 40 miles; 
and finally with 70 proof (the content of most cordials 
and liqueurs), only 25 miles. In addition to these various 
ethanols, acetone, n-butanol, and ether (diethyl) blends 
were examined. 

Four engines of different makes were equipped with 
electric dynamometers and special spark plugs, as well 
as instruments for measuring oil pressure, cooling water 
temperature, and fuel consumption. The spark plugs 
contained a hollow electrode through which an iron-con- 
stantan thermocouple was introduced to measure the 
electrode tip temperature. ( Continued on page 8) 
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VORTEX TUBES 


Refrigeration from 
Compressed Air 

What Is a Vortex Tube? 

A Vortex tube is an instrument with no moving parts 
that converts a supply of ordinary compressed air into two 
airstreams at slightly above atmospheric pressure, one hot 
and one cold. A Vortex tube can produce up to 6000 BTUH 
of refrigeration or temperatures down to -40°F, using 
nothing more than compressed air at 100 psig. A valve in the 
hot air outlet allows you to infinitely adjust the flows and 
temperatures over a wide range. 


Benefits of Vortex Tubes 


• No moving parts 

• Virtually maintenance free 

• Low initial cost 

• Small size 

• Highly reliable 

• Easily controlled 


• Lightweight 

• Portable 

• No spark/explosion hazard 

• Spot cools without waste 

• Instant on/off 

• No RF interference 


How Is Industry Using Vortec Tubes? 

• Cool machining operations 

• Set solders, adhesives 

• Temperature cycle thermostats, instruments and electronic 
components 

• Dehumidify gas samples 

• Cool electronic control cabinets 

• Cool workers in protective helmets, hoods and suits 

• Test automobile temperature sensors and chokes 

• Coo! industrial sewing needles 

• Chill environmental chambers 

• Cool mold tooling 

• And many more... see the application cases in section I. 


How Does a Vortex Tube Work? 

High pressure air enters a stationary generator and is 
released with a Vortex motion, spinning along the tube’s 
walls toward the hot air end at sonic speeds up to 1,000,000 
rpm. Air near the surface of this spinning vortex becomes 
hot, and some of it exits through the needle valve in the hot 
end. The air that does not escape through the hot air needle 
valve is forced back through the center of the warm air vortex 

Because the air forced back through the sonic-velocity 




hot airstream moves at a slower speed, a simple heat 
exchange takes place. The inner, slower-moving column of 
air gives up heat to the outer, faster-moving column. When 
the slower, inner column of air exits through the center of the 
stationary generator and out the cold exhaust, it has attained 
an extremely low temperature. 

For a more detailed explanation of this process, initially 
discovered in 1930, read the “Short Course” in section H or 
call one of our Application Engineers on the Hot Line. 





Vortex Tube Performance 

You can vary the volume and temperature of the cold 
air produced by a Vortex tube by adjusting the valve in the 
hot air outlet. This controls what is known as the "cold 
fraction," which is the percent of the input air volume 
released through the cold outlet. For example, if the total 
volume of compressed air input is 15 SCFM and the cold 
fraction is 70%, then 10.5 SCFM exits the cold end and 4.5 
SCFM exits the hot end. A high cold fraction (more than 50% 
of the input air released through the cold air end) produces 
maximum refrigeration— the greatest BTU output. This usually 
occurs at cold fractions of 60%-70%, where the mass of air 
released at the cold outlet and the temperature drop of the 
air are optimized to yield maximum efficiency and BTU’s. 
Most applications, such as cooling electrical controls, liquid 
baths, and personnel, use high cold fractions for maximum 
refrigeration. 

A low cold fraction (less than 50% of input air released 
through the cold end) produces the lowest temperatures, but 
with a reduced flow of air. A low cold fraction, with its 
extreme low temperature and low flow, is useful in cooling 
small machining operations, small parts, glass, testing of 
electronic components, and laboratory experiments. 



Temperature of cold atr from a Vortex Tube is adjusted with a simple valve in the hot-air end. 


Standard Models from Vortec 

Vortec Corporation was the first company to fully 
develop and commercialize the Vortex tube. 

In more than two decades of work, we have developed 
three standard tube sizes, each capable of three flow ratings. 
We accomplish this with three differently-sized, 
interchangeable generators which provide three CFM ratings 
for each tube. 

The nine different capacities provided by our Vortex 
tubes cover the entire range of cooling capability which is 
economically practical with a Vortex tube. This enables you to 
size a unit for your application without wasteful over-capacity. 



Each of our three standard sizes of Vortex Tubes is capable of three different flow ratrsgs 


Optimizing Vortex Tube Efficiency 
For Your Application 

By changing the diameter of the cold air passage in the 
center of the vortex generator, you can configure your Vortex 
tube for maximum efficiency as a high-cold-fraction unit or a 
low-cold-fraction unit. We provide simple bushings to 
accomplish this in our 106 and 328 tubes. We designate 
these bushings H and L for high and low cold fractions. Each 
bushing is sized to match the CFM capacity of its 
corresponding vortex generator. For example, generators for 
a 106 tube (designated 2, 4, 8) may be used with bushings 
2-H or 2-L, 4-H or 4-L, 8-H or 8-L, depending on the cold 
fraction you want. 

The bushing and generator are separate parts for our 
106 and 328 tubes. For the 208 tube, the bushing and 
generator are manufactured as a single part, with the model 
numbers again designating CFM rating and high or low 
fraction efficiency: 11-H, 11-L, 15-H, 15-L, 25-H, 25-L. 



The stationary generators and bushings inside the Vortex Tube control air flow and co\& 
fraction capabilities 


Questions? Call our Engineering Hot Line: (513) 891-7475 
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Vortex Tube Capacities 


Model 

Number 

Inlet 

Pressure 

(PSIG)* 

Air 

Consumption 

(SCFM) 

Capacity 

(BTU/H) 

106-2-H 

100 

2 

100 

106-4-H 

100 

4 

200 

1 06-8- H 

100 

8 

400 

208-1 1-H 

100 

11 

600 

208-15-H 

100 

15 

900 

208-25-H 

100 

25 

1500 

328-50-H 

100 

50 

3000 

328-75- H 

100 

75 

4500 

326-1 OO-H 

100 

100 

6000 


*lnlet temperature: 70°F. 


5% 

(130 mm) 


% NPT (M) 
(2) PLACES 


TP* 


Model 106 


6 '/,. 

(164 mm) 





Specifying a Vortex Tube 

This table shows the approximate temperature drops 
and rises you can expect from Vortex tubes adjusted to 
various cold fractions. The primary determinant in Vortex tube 
performance, in addition to the cold fraction setting, 
is inlet pressure. 

The table assumes an inlet temperature of 70°F. Keep 
in mind that the cooling performance of the Vortex tube can 
be degraded by higher supply air temperatures, by moisture 
in the supply air which can condense and freeze (easily 
corrected with an air filter), or by excessive back pressure at 
either the hot or cold air outlet. A dean Vortex tube, 
operating with constant inlet pressure and temperature, will 
maintain temperatures within ± 1 °F. 


Vortex Tube Performance Data 


Praaaur* 

PSIG 

20 

30 

40 

CokJ Fraction, H 

SO 60 70 80 

20 

js 

14.5 

24 5 

36.0 

j.. *7-6 

49.5 64.0 82.5 107 

40 

Pisa 

20.5 

M BJO 

35.0 

51.5 

Qm*. .v-au 

71.0 91.5 117 147 

60 

f 104 

23.5 

100 

40.0 

58 5 

rimJo -jelans 

80 0 104 132 168 

80 

115 

25.0 

110 

43.0 

102 

63.0 

-'•••mo -k-a— i 

86.0 113 143 181 

100 

> 323 

26 0 

118 

45.0 

110 

66.5 

~H5> 

91.0 119 151 192 

120 

26.0 

4* 

460 

** 

69.0 

94.0 123 156 195 

140 

1 

25.5 

46.0 

70.5 

7fc ^ t 9?0 ^ *r93^ 


Figures in gray area give temperature drop of cold air, °F 
Figures in white area give temperature rise of hot air, °F 


Air Flow 

The total discharge (hot and cold) in SCFM from a Vortex 
tube is proportional to absolute inlet pressure. To 
approximate the total flow for a given inlet pressure, use the 
following simplified formula: 

(inlet psig. + 15)xcfm ratinq of qenerator 
a 2 L — ttc 2 2 = approx, total flow 


TEMPERATURE VERSUS COLD FRACTION 



0 20 40 60 eo 100 

GOLD FRACTION % 


Air Conditioning 
Power 

To approximate the cooling 
and heating power in BTUH, 
use the following simplified 
formulas: 

CF * Cold Fraction 
CFMt* Total Air Flow 
CFMc-Cold Air Flow-CFMt (CF) 
CFMh * Hot Air Flow = CFMt (100-CF) 

ti* Inlet Temperature 

tc = Cold Air Outlet Temperature 

th — Hot Air Outlet Temperature 

For Cooling: 

BTU/hr -1.0746 (CFMc) (trtc) 

For Heating: 

BTU/hr * 1.0746 (CFMh) (th-t) 





Getting Started 

The technical and practical questions you may have 
about designing a Vortex tube into a product or process can 
be handled by our Vortecnology Application Engineers. They 
not only know our products inside-out, but they’ve also 
helped thousands of customers use those products in a 
variety of industries and applications. Their experience is a 
technical resource that's available to you for the asking. And 
it’s FREE. 

Experimental Kits 

If you want to “learn on your own,” or if you need to 
periodically test Vortex tubes in your products or systems, we 
have available two experimental kits containing the 
generators and bushings needed to produce the full range of 
flows and temperatures with the two most commonly used 
tubes: the 106 and 208. The kits also contain a 5-micron 
filter, a cold-end muffler, and a booklet on the operation and 
application of Vortex tubes. The kits are handy design tools 
to have whenever you are contemplating the use of a Vortex 
tube in your product or system. 



Experimental kits contain all parts necessary to produce the full range of flows and tem- 
peratures from the 106 and 208 Vortex Tubes 


Specifications 



116 

EXPERIMENTAL 

OUTFIT 

218 

EXPERIMENTAL 

OUTFIT 

Vortex Tube 

106 

208 

Refrigeration 

up to 400 BTU/hr. 

up to 1500 BTU/hr. 

Flow Rates (SCFM) 

2, 4. 8 

11, 15, 25 

Temperature 

to - 40°F 

to - 40°F 


Accessories 

We stock a full line of accessories that have proven the 
most-useful and most-asked-for by Vortex tube purchasers 
and system designers: 


• Bushing/generator kits • Solenoid valves 

• Cold 6nd mufflers 

• Air lines 

• Hot end mufflers 

• Pressure regulators 

• Thermostats 

• Filter/separators 


• and more 
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APPLIED VORTEX 
TUBE PRODUCTS 

Standard System Packages 

We’ve learned from working with our customers that a 
number of Vortex tube applications are almost universal, so 
we've packaged several systems with the tubes and 
accessories designed for specific uses. Four of those systems 
are described in this section: Cold Air Gun, Circuit Tester, 
Choke Tester, and Thread Guard. Two others— Vortex Control 
Cooling Systems and Mancooling— have grown into complete 
product lines. They are described fully in the sections 
devoted to those applications. 

Thread Guard ' 

Add the model 424 Thread Guard to any sewing 
machine and watch production soar, even in continuous 
operations for waistbands and belt loops, and with tough 
materials such as denim and belting. 

The continuous stream of 10°F air from the Thread 
Guard virtually eliminates thread burning and breakage, as 
well as heat-related needle breakage. It's especially effective 
with synthetic threads. 

Ready to Use 

• Uses just 4 SCFM of shop 
air at 80100 psig. 

• Easily and quickly 
mounted. 

• Adapts to any machine. 


• Includes mounting 
hardware, five-micron 
filter, shut-off valve, 
pressure regulator/gauge, 
cold air tube and complete 
instructions. 



Thread Guard coofs sewing operations ft stops thread burning and breakage as well as heat- 
related needle breakage 
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Questions? Call our Engineering Hot Line: (513) 891-7475 
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History 

The vortex tube effects were first observed by Georges 
Ranque, a French physicist about 1930. He formed a small 
company to exploit the item but it failed soon. He presented 
a paper on the vortex tube to a scientific society in France in 
1933, but it was met with disbelief and disinterest. Thereafter 
the vortex tube disappeared for several years, until Rudolph 
Hilsch studied it and published his findings in the mid-1940s. 

Hilsch’s paper stirred much interest where Ranque's 
had not. So much so, in fact, that most readers thought 
Hilsch had invented the device, and it was popularly called 
the "Hilsch Tube." 1 

Since then, the vortex tube has become much better 
known to technical people. There has been a slow but steady 
increase in research and publication on the subject around 
the world. Well over 100 serious studies have been published 
in the world's scientific and engineering journals, scattered so 


Ml 

that it is hard to assemble more than a fraction of them. 
Many popular articles and commentaries have been 
published. Many engineering schools and industrial and 
scientific groups are working on the vortex tube. 

Today vortex tubes serve in a wide variety of industrial 
applications, including cooling workers, cooling electrical and 
electronic equipment, and many process cooling applications. 

Air Movement in a Vortex Tube 

Below is a schematic drawing of a vortex tube showing 
the internal arrangement and the common names for certain 
important features. 

High pressure air enters the inlet and enters the 
annular space around the generator. It then enters the 
nozzles where it loses part of its pressure as it expands and 
gains sonic or near-sonic velocity. The nozzles are aimed so 
that the air is injected tangentially at the circumference of the 
vortex generation chamber. All of the air leaves the vortex 
generation chamber and goes into the hot tube. It makes this 
choice (between hot and cold ends) because the opening to 
the hot tube is always larger than the opening to the cold 
tube (through the center of the generator). Centrifugal force 
keeps the air near the wall of the hot tube as it moves toward 
the valve at the end. 

By the time the air reaches the valve it has a pressure 
somewhat less than the exit pressure at the nozzles, but 
more than atmospheric (assuming cold outlet is at 
atmospheric pressure). It is always true that the pressure just 
behind the control valve is higher than the cold outlet 
pressure. 

The position of the valve determines how much air 
leaves at the hot end. For hot-cold separation, it must allow 
only part of the air to escape. The remaining air is forced to 
the center of the hot tube where, still spinning, it moves back 
toward the cold outlet. It goes all the way through the hot 
tube, through the center of the vortex generation chamber to 
the cold outlet. 

Remember the original stream of air in the hot tube did 
not occupy the center of the tube because of certrifugal 
force. Therefore it defines an ideal path for the inner stream 
to follow. This, combined with the above mentioned pressure 
difference between the valve and the cold outlet, is the 
reason there are two distinct spinning streams, one inside the 
other moving in opposite linear directions in the hot tube. 
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Questions? Call our Engineering Hot Line: (513) 891-7475 


Vortex Tube Performance 

As the valve position is changed, the proportions of hot 
and cold air change, but the total flow remains the same. 
Thus the amount of air exiting the cold end can be varied 
over a wide range for a given vortex tube. The amount of this 
air is known as the “cold fraction/' 

As you can imagine, one'of the secrets of good vortex 
tube design is to avoid mixing of any of the cold inner stream 
(the cold fraction) with the warm or hot outer stream. If a 
tube is operating at a high cold fraction, the passage in the 
center of the generator must be large enough to handle the 
cold flow. If not, it will cause some of the cold air to be 
deflected away and mixed in with the warm air stream, thus 
wasting refrigeration. At low cold fractions the desired result 
is usually a small stream of very cold air. An opening too 
large will invite entrainment of some of the nearby warm air 
and raise the cold outlet temperature. 

Thus for any given vortex tube of a fixed total flow 
capacity there is an ideal opening size for every cold fraction. 
Practically, a vortex tube user will normally want one of two 
modes of operation. Either maximum refrigeration (which 
occurs at about 70% cold fraction) or lowest possible cold 
temperature (which occurs at about 20% cold fraction). 
Accordingly Vortec offers H (high cold fraction) bushings 
designed with the optimum opening for maximum 
refrigeration and L (low cold fraction) bushings with the 
optimum smaller opening to create lowest possible cold 
temperatures. 

Each of Vortec’s standard tubes can also be fitted with 
generators for different CFM capacities. Thus we must offer 
an H and L bushing for each CFM capacity in a given tube. 

So the bushings must be selected based on two parameters, 
capacity and mode. This is why we adopt the simple 
nomenclature 2-H, 4-L, 8-H, etc. 

The 328 tube is made with separate generators and 
bushings, but it is so rare that anyone would want a tube as 
large as this to create extremely low temperatures, that we 
don’t show L versions in the price list. All listed 328 series 
tubes have H style bushings, but L style can be provided on 
a special order basis. 

Temperature Separation Effects 
In a Vortex Tube 

We have already covered the movement of air in the 
vortex tube. Now we shall attempt to explain why the hot air 
gets hot and the cold air gets cold. 

You'll recall that the air in the hot tube has a complex 
movement. An outer ring of air is moving toward the hot end 
and an inner core of air is moving toward the cold end. Both 
streams of air are rotating in the same direction. More 
importantly, both streams of air are rotating at the same 
angular velocity. This is because intense turbulence at the 
boundary between the two streams and throughout both 
streams locks them into a single mass so far as rotational 
movement is concerned. 

Now the proper term for the inner stream would be a 
"forced vortex." This is distinguished from a "free vortex" in 
that its rotational movement is controlled by some outside 
influence other than the conservation of angular momentum. 

In this case the outer hot stream forces the inner (cold) 
stream to rotate at a constant angular velocity. 

In the bathtub whirlpool situation (which most people 
associate with the word “vortex”), a free vortex is formed. As 
the water moves inward, its rotational speed increases to 
conserve angular momentum. Linear velocity of any particle 
in the vortex is inversely proportional to its radius. Thus, in 
moving from a radius of one unit to a drain at a radius of V 2 


unit, a particle doubles its linear (tangential) speed in a free 
vortex. In a forced vortex with constant angular velocity, the 
linear speed decreases by half as a particle moves from a 
radius of 1 unit to a drain at a radius of Vi unit. 

So, for the situation above, particles enter the drain 
with 4 times the linear velocity in a free vortex compared with 
a forced vortex. Kinetic energy is proportional to the square 
of linear velocity, so the particles leaving the drain of the 
forced vortex have 1/1 6th the kinetic energy of those leaving 
the drain of the free vortex in this example. 

Where does this energy (15/16 of the total available 
kinetic energy) go? Therein lies the secret of the vortex tube. 
The energy leaves the inner core as heat and is transmitted 
to the outer core. 

Now you might say the air in the cooling inner stream 
had to travel through the outer (heating) stream first. Why 
doesn't it heat the same amount it cools with no net coolinc 
effect? Keep in mind that the rate of flow in the outer strer 
is always larger than that of the inner stream, since part 0 . 
the outer stream is being discharged at the hot valve. If the 
BTUs leaving the inner stream equal the BTUs gained by the 
outer stream, the temperature drop of the inner stream must 
be more than the temperature gain of the outer stream 
because its mass rate of flow is smaller. 

If this precept is clear in your mind, a little reflection 
will allow you to understand why hot end temperatures 
increase as cold fraction increases, and cold end 
temperatures decrease as cold fractions decrease. 

Effects of Inlet Temperature 

It is very easy to predict the temperature drops and 
rises in a vortex tube for various inlet temperatures. The 
basic rule to remember is that temperature drops or gains are 
proportional to absolute inlet temperature. Any temperature 
expressed in degrees Fahrenheit can be converted to 
absolute (degrees Rankine) by adding 460. That is, 

0°F = 460°R or 70°F = 530°R. 

Thus, the entire table is based on an inlet temperature 
of 530°R. If absolute inlet temperature doubles, so does the 
temperature drop or gain. As an example, suppose you want 
to find the temperature drop associated with a vortex tube 
operating at 30% cold fraction and with a 100 psig, 

200 °F inlet. 

1. Table gives 118° drop for 100 psig, 70°F inlet and 
30% CF. 

2. Ratio of absolute inlet temperature 

200 + 460 660 , 

70 + 460“530 5 

3. Drop given in table times ratio is 118 x 1.245 - 

147° 

4. Cold end temperature is 200° - 147° * 53 e F 

This ratio can be used just as well when the inlet 
temperature is lower than the 70°F on which the table is 
based. For example, if inlet temperature were 0°F, ratio 
would be 

0 + 460 460 R7 
70 + 460 “530“ 8 

In this case the temperature drop is reduced. 

Exactly the same approach can be used to convert the 
temperature rises given in the table. They are greater for inlet 
temperatures higher than 70°F and smaller for inlets below 
70°F. 

One additional comment on this method should be 
made. It applies to the pressure range shown on the table 
only. Whenever pressures considerably higher than the table 


are involved, the Joule Thompson effect alters the results 
somewhat. This effect is small at pressures of 140 psig and 
below, and can be ignored as it is in the method given 
above. Joule Thompson cooling is the very 'slight cooling that 
takes place as gases are throttled. 

Using the Performance Table 

Two rather important limitations of the performance 
table in the catalog should be recognized. 

First, the table would seem to imply that temperature 
drops and rises are related to inlet pressure. This is not quite 
true. They are related in a complex way to the absolute 
pressure ratio between inlet and cold outlet. The table is 
based upon the assumption that the cold outlet is at 
atmospheric pressure. For any other cold end pressures, the 
table cannot be used. 

You can appreciate the variation in temperature drops 
and rises if you consider how quick’/ the absolute pressure 
ratio changes with changes in cole ?nd pressure. A 90 psig 
inlet (105 psia) provides a 7 to 1 . o when the tube 
exhausts to atmospheric pressure psig or 15 psia). If inlet 
pressure remains the same and cold outlet pressure rises to 
only 15 psig, the ratio drops to 3.5 to 1. 

Calculations of temperature rises and drops for 
pressures other than those shown on the table can be made, 
but they are beyond the scope of this Short Course. Refer 
any such problems to Vortec. 

The Heat Balance Formula 

A very handy formula results from the fact that the 
energy extracted from the cold air by the vortex tube appears 
in the hot air. 

The formula te: 

CF x ft - te - JT) » (100 - CF) X (t h - t, + JT) 
where CF * cold fraction, % 

ti * inlet air temperature, °F 
tc = cold air temperature, °F 
t h * hot air temperature, °F 
JT * Joule-Thompson temperature correction 
°F * 4°F at an inlet pressure of 100 psig 

By using this formula, cold fraction can be computed 
from the readings of the three thermometers alone without 
having to measure any air flow. As an example, suppose 
t, = 100°F, t c *50°F, t h -300°F. Substituting in the formula, 

CFx (100 - 50 - 4) = (100 - CF) x (300-100 + 4) 
Solving for CF, CF*81.5% 

Vortex tubes obey this formula very closely, regardless 
of their efficiency, provided only that the hot pipe be 
insulated. 

The formula can be rearranged as follows: 

CF - kill* x 100 
th-U 

This is its handiest form for computing cold fraction. 

Humidity Effects 

The vortex tube does not separate humidity between 
the hot and cold air. The absolute humidity of both cold and 
hot air, in grains/pound, is the same as that of the entering 
compressed air. 

Moisture will condense and/or freeze in the cold air if 
its dew point is higher than its temperature. The following 
table shows the amount of moisture that air can hold in the 
saturated vapor state as a function of air temperature, at 
standard atmospheric pressure of 14.7 psia: 


Temperature, 

•F 

110 

100 

90 

80 

70 

60 

50 


Saturation* 


375 

295 

217 

154 

111 

77 

54 


Temperature, 

•F 

40 

30 

20 

10 

0 

-10 

-20 

-30 

Saturation* 


37 

24 

15 

9 

5.5 

32 

1.8 

1.0 


•Saturation Moisture Content G r ain$/ib. Air 


For example, the above table shows that if the moisture 
content is 14 gr./lb., condensation will begin when the temperature 
of the cold air falls below 19°F. At 5 gr./lb. , condensation will begin 
at - 1 °F. 

The saturation moisture content of compressed air at 100 
psig is given in the following table: 


Tamparature *F 

110 

100 

90 

80 

70 

60 

50 

40 

30 

20 

Saturation 











Moisture Content 
Grains/lb. Air 

48 

38 

28 

20 

14 

9.9 

6.9 

4.7 

3.1 

1.9 


By comparing the two tables, it is possible to predict 
the amount of moisture in the compressed air, and the 
temperature at which moisture will begin to precipitate or 
freeze in the cold air. As an example, suppose the 
compressed air is aftercooled to 80°F following compression, 
and the precipitated water drained off. Then the second table 
shows that it will carry 20 grains/lb. of water vapor. When this 
expands in the vortex tube, the upper table shows that 
precipitation will begin in the cold air when its temperature 
falls below 26°F if its pressure is 14.7 psia. 

If the compressed air is cooled under pressure by a 
chiller to 40°F, the second table shows that it will then carry 
4.7 grains/lb of water vapor. When expanded in the vortex 
tube, precipitation will begin when the temperature of the 
cold air falls below -3°F at 14.7 psia. 

If, under unusual conditions, some moisture precipitates 
in the cold air, the temperature of the cold air will thereby be 
caused to rise approximately 3/4°F for each grain of moisture 
that precipitates. This is because some of the sensible 
refrigeration of the cold air is consumed in producing latent 
refrigeration of the moisture. This refrigeration is not lost but 
reappears, in the cold air as it warms up in performing its air 
conditioning duty after leaving the vortex tube, when the 
precipitated moisture re-evaporates. 

The tables show that condensation will not normally 
occur at moderate cold end temperatures. When 
temperatures are low enough to cause condensation, it 
appears as snow. The snow has a sticky quality due to oil 
vapor and will gradually collect and block cold air passages. 
Continuous operation at low temperatures can be assured by 
means of an air dryer or injection of an antifreeze mist into 
the compressed air feeding a vortex tube. 

When selecting dryers give consideration to refrigerative 
and deliquescent types. While their drying abilities are limited 
(and need to be considered) they are quite compatible with 
the vortex tube. Chemical dessicant dryers such as silica-gel 
and molecular sieve types are exothermic, and tend to heat 
the compressed air causing refrigeration losses. 


Application Notes 

The Air Supply 

Pressure 

Standard vortex tubes made by Vortec Corporation are 
designed to utilize a normal shop air supply of 80 to 110 psig 
pressure. Unless pressures run considerably higher than 110 
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psig, do not use a regulator to reduce the inlet pressure. 
Pressures higher than 250 psig must not be used. Pressures 
lower than 80 psig will still produce some cooling. However, 
both the temperature drops and the flows are reduced due to 
the lower inlet pressures. 

Line Sizes 

Up to 25 SCFM, runs of pipe less than 10 feet long 
may be 1/4" size without excessive pressure drop. Up to 50 
feet use 3/8" pipe, and use 1/2" pipe over 50 feet. Rubber 
hose of suitable pressure rating may be used. Consider 3/8" 
id hose to be the same as 1/4" pipe, and 1/2" id hose to be 
the same as 3/8" pipe. Remember that lower transmission 
pressures will exhibit even greater pressure drops, so care 
must be taken to avoid large losses in the inlet air piping. 
Compressor Size 

In most large plants, the size of the compressor is 
adequate to handle many vortex tubes operating 
simultaneously. For smaller plants, estimate horsepower 
required based upon the rated capacity of the tubes. For a 
100 psig system, it takes one horsepower to compress four 
SCFM of air. 

Preparing the Air 

Moisture 

All compressed air systems will have condensed water 
in the lines unless a dryer is in use. To remove condensed 
water from the air, a filter-separator must be used. Automatic 
drain types are recommended unless the area is always 
tended by a responsible employee who can empty the 
collection bowl periodically. Place the fiiter-separator as near 
to the vortex tube as possible. 

Dryers 

Normally a dryer is not required for vortex tube 
applications. Occasionally, however, when very low outlet 
temperatures are produced, icing will cause problems. Also, 
some applications may require the cold air stream to be 
completely free of condensed water or ice. A chemical dryer 
(silica gel, heatless, or other type) can be used in the inlet 
line to eliminate condensed water or ice in the cold air 
stream. The dryer should be rated to produce an atmospheric 
dew point lower than the lowest expected cold outlet 
temperature. 

Dirt 

Because of the water in compressed air lines, there is 
always rust and dirt present. Vortec’s filter-separators 
effectively remove these contaminants by using a 5 micron 
filter. Replacement filters are available at nominal cost, and it 
is necessary for the user to determine the frequency of 
replacement based on the conditions prevailing in his plant 
Oil 

Never use vortex tubes downstream of a lubricator. Oil 
in the air which has been introduced by the compressor 
lubrication system is usually not a problem for Vortec 
products, but occasionally older compressors produce very 
oily air. If the plant air is very oily, use an oil removal filter 
downstream of the filter-separator. The oil removal filter 
removes dirt, water, and oil aerosols with an effective 
filtration of 0.01 micron. 

Settings 

Maximum Refrigeration. Maximum refrigeration occurs 
when a vortex tube operates at 60 to 70 percent cold 
fraction. This is where the product of the mass of cold air 
and its temperature drop is the greatest. Many applications 
such as cooling electrical controls, liquid baths, and personal 
air conditioning use this maximum refrigeration setting. For 
maximum refrigeration, use H style bushings. 


Minimum Temperature. Some applications require the 
lowest possible cold output temperature. Examples are 
cooling glass, cooling hot parts, and using cold air to cool 
machining operations. These air spraying applications usually 
work better with very cold air, and results seem not to y 
depend upon the refrigeration rate. For these applications, L 
style bushings and cold fractions in the 20 to 40 percent 
range are best. 

Using the Cold Air 

Back Pressure. One of the most common mistakes 
with vortex tubes is to restrict the cold outlet. This will cause 
a loss of performance. A small back pressure on the cold 
outlet to allow the air to move through piping or ducting is 
acceptable, but back pressure, measured at the tube, should 
be limited to less than 5 psig. Keep in mind the tube is 
responsive to the absolute pressure ratio applied and back 
pressures as low as 15 psig cut this ratio in half. Some 
pressure is available at the hot end, and it can be used so 
long as compensating adjustments in the control valve 
settings are made. 

Insulation. As with any thermodynamic device, the 
proper use of insulation will improve vortex tube system 
performance. Avoid ducting the cold air through large thermal 
masses such as heavy piping, drilled holes in large blocks, 
etc. If possible use plastic tubing or piping. Foam type 
insulation can also be quite helpful. 

Noise Mufflers 

General. A common misconception is that a vortex tube 
emits a scream or whistle <jue to the sonic speeds inside. 
Actually such noise is rarely observed, but the sound of 
escaping air is always present, and in some cases it must be 
muffled. Ordinarily the cold air will be ducted into an 
enclosure or through some pipe or tubing. This alone may 
reduce its noise level to acceptable limits. Hot air escapes in 
smaller amounts in most applications and may not be 
objectionable. Nevertheless, jets of escaping air can be quite 
objectionable if continued over a long period of time near 
worker. In such situations mufflers are available, and should 
be used. 

Cold Muffling. Mufflers used on the cold air must not 
be of a stuffed or porous type. Their small openings will 
quickly block with ice which has condensed and frozen in the 
cold air stream. Baffle type mufflers and silencers are best 
for the cold air. Avoid selecting any muffler which will apply 
high back pressures to the vortex tube. 

Hot Muffling. Nearly any air silencer or muffler will 
work on the hot end. One should avoid selecting a muffler 
made from plastics or other materials with low resistance to 
heat since hot end temperatures can easily exceed 200°F. 

Maintenance 

Since vortex tubes have no moving parts, they are 
highly reliable, and require little or no maintenance. 

Prolonged use with dirty or oily air can cause wear or dirt 
collection in the tube. Occasional disassembly, inspection, 
and cleaning are the only maintenance activities required. 


Questions? Call our Engineering Hot Line: (513) 891-7475 




An Analysis of the 
Hilsch Vortex Tube 

D. S. Webster 

Engineering Research Laboratory 
E. I. du Pont de Nemours & Co., Inc. 

T HE May 1946 issue of Industrial and Engineer < 
Chemistry 4 carried a short account of a small, 
'cyclone-type air jet, or “vortex tube,” used to obtain 
low temperatures. Originally suggested by M. G. 
Ranque, 10 it had been in operation in the laboratory of 
Pr. Hilsch, in Germany, and was discovered in July 
1945 by an American investigation group. Great inter- 
est was stirred up by the account because of the seem- 
'ingly paradoxical behavior of the vortex tube. Several 
"types of hypothesis 1 -- 0 were advanced to explain how 
hot air could come out of one end and cold air out the 
other end of the apparently simple tube. The Du Pont 
Engineering Research Laboratory became interested in 
the device, carried out a limited investigation of its 
refrigerating properties, and developed a hypothesis 
to explain these properties. The hypothesis and perti- 
nent data are presented in this paper. A recently pub- 
lished article on the vortex tube 
n>y G. Burkhardt 0 only slightly 
‘ overlaps the subject matter of this 
. paper. 

.%■ It should be pointed out and em- 
phasized that this work was not 
■^research” in the generally accept- 
ed meaning of the term; it was, 
blather, a high-spot' investigation 
to make certain that no previously 
unrecognized principles of an im- 

PRESSURE AIR SUPPLV TO VORTEX 
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The American Society of Refrigerating Engineers takes 
pleasure in presenting this analysis of the Hilsch vortex tube 
together with pertinent discussions of the subject matter. 
Although the analysis Is controversial, it is felt that Mr. Web- 
ster's theory, together with the ensuing discussions, form a 
material contribution toward a better understanding of this 
interesting refrigerating device. There are already indications 
tnat the Hilsch tube may emerge from the category of a 
laboratory toy to become a practical device wrh reasonably 
economical operation in some specialized applications. 


it is felt that the speculations presented here may be 
of some value to investigators interested in developing 
the device further, even if the only value is to stimulate 
them into proving the speculations wrong. 

Description of Hilsch Vortex Tube 

Figure 1 is an illustration of the Hilsch Vortex Tube 
taken from the May 1947 issue of Popular Science . The 
critical dimensions of several models used by Hilsch 
are given in Table 1. If further details on construction 
are desired, see References 2 and 4. 

Compressed air enters the tube tangentially through 
a simple nozzle. The point of entry is beneath the step 
of a single spiral turn, used to help obtain rotational 
symmetry of the gas in the tube. The center of rotation 
is the same as that of the “circle” described roughly by 
the upper portion of the spiral, so that the incoming air 
enters under the rotating mass and joins it gradually. 


COLD-AIR 
Pipe 



Fig. 1. Artist's rendition of the Hilsch 
vortex tube showing high pressure air 
inlet and the two outlet pipes which 
exhaust hot and cold air, respectively. 

(Photo courtesy Popular Science > 


Table I. Characteristics of Vortex Tubes 


^.portant nature were being overlooked. As a con- 
sequence of this situation, many of the elements 
a “research study” were not included; for ex- 
a detailed experimental study should be made 
^ the flow patterns inside the tube. Nevertheless, 


presented at the 45th Annual Meeting of the American 
v:.:. tTT OF Refri gerating Engineers, Dec. 4 to 7, in Chicago. 


Designation 

T ube 
ID, 

Du, 

Orifice 
diam , 
D 0 

Nozzle r 0 * 

diam, Z = - — — 
D n rZ 

Comment 

E.R.L.-Lucite 

8.7 mm 

2.4 mm 

1.6 mm 

0.074 

No spiral 

Hilsch-l-c 

4.6 mm 

2.2 mm 

1.1 mm 

0.23 

Std (Fig 1) 

Hilsch-2 

9.6 mm 

4.3 mm 

2.3 mm 

0.20 

Std (Fig 1 ) 

HiIsch-3 

17.6 mm 

6.5 mm 

4.1 mm 

0.136 

Std (Fig 1) 




rather than abruptly. The hot-air pipe and the cold- 
air pipe butt against the sides of the spiral, located in 
such a way that the rotational axis of the gas is in line 
with the geometric axes of the pipes; in addition, the 
radii of the pipes are the same as that of the circle 
referred to above, so that there is essentially no change 
in rotation as the gas enters the hot pipe. The end of 
the cold pipe in contact with the spiral is closed with 
a diaphragm that has an orifice in its center, so that 
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Fig. 2. Diagrams indicating the analysis In this paper of the 
Hilsch tube. 


gas leaving through the cold pipe is taken from the 
center of the rotating mass. The end of the hot pipe 
adjacent to the spiral has no such diaphragm. Ordi- 
narily, the vortex motion would suck air through the 
orifice into its center, but this is prevented by closing 
off the throttling valve on the hot pipe until air begins 
to pass out through the orifice. 

A simple modification of the Hilsch vortex tube was 
made at the Engineering Research Laboratory by drill- 
ing a 11/32-in. hole through opposite faces of a lU-in. 
tube of Lucite acrylin resin. A 1/16-in. hole was then 
drilled so that it entered the original hole tangentially, 
at a point equidistant from the two faces. Since this 
was the jet nozzle, the outer end was enlarged and 
threaded and connected to a compressed air line. Each 
end of the 11/32-in. hole was also enlarged and threaded 
for a distance of Va-in. A brass disk with a 3/32-in. 
orifice drilled through its center was placed in one end, 
and a pipe of approximately 11/32-in. ID, 6 in. long! 
was screwed in until it pushed the disk against the 
inteinal shoulder. A similar pipe, 12 in. long, was 
screwed into the other side of the hole and fitted with a 
throttling valve at its far end. During operation, hot 
air came out the latter pipe, and cold air out the 
former (with orifice). 

Refrigerating Properties of Vortex Tubes 

The importance of what Hilsch later termed “rota- 
tional s\ m me try became apparent to us when it was 
found that an improperly centered orifice could cause 
a considerable decrease in temperature fall. Also, the 
Lucite vortex tube, with inside bore inadvertently made 
slightly out of round, nearly doubled its temperature 


fall when drilled to a true cylinder. The importance of 
the single spiral turn in obtaining rotational symmetry 
is indirectly shown by. the fact that our tube, made 
without it, caused only about two-thirds as much tem/ 
perature fall as Hilsch’s tubes (see Fig. 4). f 

Polishing the bore of the Lucite tube provided an" 
additional 10 percent temperature fall, thus demonstrat- 
ing that frictional drag of the rotating gas on the tube 
walls is still another factor influencing operation. i 
The length of the cold pipe was varied between 3 and 
6 in., and the hot-pipe length between 8 and 15 in. 
without appreciably affecting performance. Apparently, 
the smaller figure in each of these sets was adequate. 
However, a hot pipe with twice the diameter of the rest 
of the Lucite vortex tube decreased the amount of cool- 
ing to about one-third, although a similar effect was not 
produced with the cold pipe. 

Straightening vanes installed in either the hot or 
the cold pipe to diminish swirl, simply' interfered with, 
operation of the device to the point where there was 
practically no cooling. 

Hilsch makes the additional observation that, for best 
performance, the nozzle and orifice should be as close' 
together as possible. 

Figures 3 and 4 present plots of data taken mainly 
from Hilsch 2 but including also some of our results. 
The tubes referred to have the dimensions given in 
Table 1. 'A 

As shown in Figure 4, performance of the Lucite' 
tube approaches Hilsch’s well-made tubes even though 
the Lucite tube lacks an introductory spiral. The frac- 1 
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tion of air flowing out the cold pipe that corresponds to 
maximum temperature fall ranges from about 0.4 down 
to 0.25. The temperature fall increases with nozzle 
pressure, although not linearly.' With Hilsch’s tubes, 
the larger the tube, the greater the temperature fall. 

Figure 3 (Hilsch’s data') shows how cooling varies 
with fraction of flow through the cold pipe — that is* 
how the point of minimum temperature is approached 
as the fraction of air flowing out the cold pipe varies. 
The upper curves bring out the fact that, for the Hilsch 
l-c tube at least, the difference between the hot-pipe 



temperature and the cold-pipe temperature varies 
linearly with the fraction of air flowing out the cold 
pipe over most of the range. 

The efficiency, or performance coefficient,* of the 
vortex-tube refrigerator is not high. The performance 
coefficient is defined as the ratio of heat abstracted to 
work expended s and, for a home refrigerator using 
Freon refrigerant, is around 4. The minimum work for 
constant-temperature compression of a mole of ideal 
gas from atmospheric to nozzle pressure is 

V- 

A = RT, L 

V* ‘ »•* 

The amount of cooling produced by the vortex tube per 
mole of air through the nozzle is 

Q = jU. C:M {T>, - Tr) 

For the Hilseh 1-c tube' using air at 5 atm abs, 
(T»- Tc) m.T is 38 C, and u* is 0.38; consequently, since 
c ? is nearly constant over this pressure range. 
Q = CO. 38) (0.24) (29) (38) — 101 C.c.u. per lb mole 
The corresponding amount of minimum compression 
work is ,4 — (1.98) (293) Inb — 935 C.c.u. per lb mole. 
Therefore, the performance coefficient is 
B = 101/935 = 0.11 

This is only 1/40 as good as the vapor-compression 
refrigerator. 


Hypothesis of Operation 

In the Hilseh tube, gas is introduced tangentially at 
high velocity through a nozzle. Consequently, there is a 
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Fig. 4. Cooling as a function of nozzle pressure. 
(Nozzle temperature, T n ~ 20 C. Data from Hilseh 
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gas mass present in the tube, rotating rapidly. A por- 
tion of the total flow entering the tube is removed at 
the axis of rotation through a hole in the diaphragm 
that closes that end of the tube (the diaphragm butts 
against the side of the nozzle) ; this inward flow pro- 
ceeds along a spiral path. The remainder of the gas 
leaves the entrance region by whirling off down the 
wall toward the throttling valve. The nozzle, orifice, 
and spiral path are in essentially the same plane, which 
is parallel and adjacent to the diaphragm. Cold gas 

* Condition* at time of, or related to, minimum temperature in cold pipe. 


NOMENCLATURE 

o acceleration (centrifugal), ft per sec' 

A minimum work of compression, ft-lb 

c velocity of sound at some specified temperature, ft per sec 
c,. Heat capacity at constant pressure, ft-lbf> r c<» per °C, lb !n »s* 

3 3 8 r ( r air . q 

c/’heat capacity at constant pressure, C.h.u. per °C, l b m a s ^ : 
or Btu per C F, lb, 0.24ror,t r 
D diameter of the object indicated by subscript, ft 
E energy, ft-lb 
F force, lb 

g H force conversion constant, 32.2 ft-!bj,-iss per lb for,... sec 
k ratio specific heats, dimensionless 
ki proportionality constant used in derivation: I sec 
K arbitrary constants 
L length, ft 
m mass, lb 

M molecular weight (29 for air) 

n exponential constant used in a derivation, dimensionless 
p pressure, lb force per sq ft 
Q quantity of heat, C.h.u. 

r radius of th object specified by subscript, ft 
R gas conste 2780 rt-lb per °C., Ib m .>ie 

S cross-sect' I area, sq ft 
t time, sec 

T temperature, usually K 

V velocity of rotating gas at point specified by subscript 
ft per sec 

W weight rate of discharge of orifice or nozzle, lb per see 
2 (r„/r, v )‘ t ratio of orifice area to cross section of tube, 

dimensionless 

a angle between flow streamline and circle based on center 
of rotation 

p density, lb mass per cu ft 

j3 refrigerator performance coefficient, dimensionless 
p fraction of gas flowing out cold pipe, dimensionless 
SuHscr/pfs 
o axis of rotation 
c cold pipe 
h hot pipe 
n nozzle 
O orifice 

w wall of vortex tube 


leaves through the orifice, hot gas through the throt- 
tling valve. 

One of the most noticeable facts about data on the 
Hilseh tube is the wide spread between hot and cold 
stream temperatures that can be obtained under cer- 
tain conditions. Thus, Figure 3 show^s a difference as 
great as 140 deg C (about 250 deg F) when, the 
operating conditions are such that most of the air is 
leaving the cold pipe and only a small flow' of very hot 
air is leaving the hot pipe. Thus, a hypothesis on the 
Hilseh tube must explain not only the cooling of the 
one stream, but also the mechanism by w'hich the 
energy abstracted from this cold stream is added to the 
portion of gas that becomes the hot stream. An energy 
balance indicates that such exchange is required, but 
does not show how' it is done. , 

The view' taken in this paper is that energy transfer 
outward from any given point in the whirling mass 
occurs as a sort of recoil reaction to the imvard expan- 
sion of the gas at that point. Since the rigid wall does 
not permit work to be done outward along a radius 
(that is, there is no “give” in this direction, or no dis- 
tance that the force acts through), the work must be 
done tangentially and consists of a forward push on 
that gas element which is just outside the element in 
question. The ultimate resisting force is the friction of 
the rotating gas mass on the W'all, W'hich, it should be 
noted, is tangentially directed. The possibility of this 
forward component of recoil becomes more apparent 
when it is recalled that, because of the spiral nature of 
the fl ow, the streamlines of that portion of gas moving 
toward the axis are not concentric with the wall but 
instead form an angle with the wall at any point. This 
tangentially directed (but outwardly diffusing) work is 
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taken out of the enthalpy store of the gas through the 
mechanism of expansion and causes an increase in the 
rotation rare of the mass that is a function of the 
fraction of gas moving in along the spiral (that is, the 
fraction that the cold stream represents). This tan- 
gential work is eventually converted to heat by friction 
at the wall and at the throttling valve, and the heat is 
carried off in the hot stream. 

As part of the same process, there is an inward 
radial expansion against the centrifugal field. This 
expansion work is also taken out of the enthalpy store 
of the gas. By postulating that work is done by (that 
is, energy transferred from) the gas in a stream tube 
only in a direction perpendicular to the stream tube, 
it is possible to show that the tangential and radial 
components of the expansion work are equal and, 
furthermore, that this equality results in a condition 
of constant angular velocity in the rotating mass. Since 
the angular velocity is constant, it can be character- 
ized by the linear velocity at the wall (and the tube 
radius). It is of interest to note that for Hilsch’s 1-c 
tube operating on air at 10 atm gage, and using the 
concepts developed in this paper, the velocity at the 
y*all when none of the gas leaves through the cold pipe 
is about 800 ft per sec; the difference between this 
value and the approximate 1000 ft per sec velocity that 
the gas has when it enters the tube from the nozzle is 
caused by wall friction. On the other hand, when all the 
gas is forced to move inward along the spiral path, 
causing a maximum of forward recoil thrust, the wall 
\elocit\ is about 1400 ft per sec; this also happens to 
be the velocity of sound in air at the temperature of 
air at the wall. 

APPENDIX: Details of the Hypothesis 

zcquivalence of Radial and Tangential Expansion Work— Figure 2A is a 
^ r r r ^,; mnt h n 0t . a c r°- 3 section of the Hiisch tube near the orifice dia- 

W* // 5 P ir:il lin , e 1S a streamline for that portion of the total new 
/ / / ua V / V “ S through the orifice. (A streamline is simple a line 
which shows the direction of the flow velocity at successive points in a flow 
heW, wnen starting trom a given point; a great number are required to 
describe the whole flow field. For viscous motion along a straight pipe, 
tr.e streamlines are straight; for a “free” vortex, they are circles; for the 
ca^e being examined, they are spirals.) 

The rapid rotation causes a pressure gradient that increases from axis to 
W / ; , pressure gradient is the physical, measurable, aspect of the cen- 

trnuga! held accompanying the rotation. If no gas were being admitted 
A. “ e periphery, a condition or equilibrium would prevail (neglecting 
tr:«ion) in wnich a given element of gas would continue to move in a 
circ.e or fixed radius; since this system is in equilibrium, no work would 
begone by any portion of the gas. ^ However, when gas is admitted at the 
reTn °ved at the axis, it travels in a spiral path from a region 
o: niga pressure to a region of low pressure, and expands and cools in the 
process. From Figure 2A it is seen that at any point along the stream- 
line, the streamline is making an angle, a, with a circle drawn through 
that point and centered on the axis. Consequently, expansion occurring 
perpendicular to the streamline can be resolved into two components, one 
being an inward expansion along a radius and against the centrifugal field 
and the other being a fonvard expansion along a tangent and against 
(Ultimately) the frictional drag on the wall. The force involved in the 
latter action, by its reciprocal nature, while tending to cau-e speeding of a 
gas element on the "forward,” or outer, side of the streamline, ‘simul- 
taneously causes slowing of a gas element on the “back,” or inner, side of 
the streamline, with the result that there is a decrease in tangential velocity 
with a decrease in radius. This change of velocity with radius is shown 
m the following paragraphs to be such as to produce a condition of constant 
angular velocity in the rotating mass. Also, the radial component of ex- 
pansion work is shown to equal the tangential component of expansion work 
/^ure 2 B shows a very short length of spiral path, Vi U, for an element 
ot gas moving in toward the axis; the length, being a differential segment, 
appears straight. ^ The coordinate, Y, is a radius of the tube, X is a 
ccoruinate perpendicular to Y, and a is the angle between Vdt and X. 
While moving the distance l dt, the gas element, by composition cf veloci- 
ties, can also be considered to have moved inward a radial distance 

dir = Vdt sin a ( 1 ) 

and forward a tangential distance 

d/r Vdt cos a (2) 

In Figure 2C, two aspects of the force F acting at the gas clement are 
shown: they are what was called by Newton “action and reaction.” The 
upward ’ aspect is able to push the element in toward the axis of rotation 
by the force component 

E r — F cos a ( 3 ) 

The downward ’ aspect is able to push the adjacent gas element forward 
in the direction of rotation by means of the force component 


bince work 
act: 

obtained from Equations 1 and 3 as 

d\Vr = Frdlr == Vdt F sin n cos a 
Similarly, the work done in a tangential direction bv 
time dt is obtained from Equations 2 and 4 as 

dlVr ~ Frdlr = Vdt F sin it cos a 


M) 


Ft — F sin a 

the product of a force times the distance through which it 
the work done m a radial direction by the gas element in time di i s 


the 


( 5 ) 

element in 

( 6 ) 


Equations a and 6 show that expansion work done radially againA the cen- 
truugal ne.d is equal to expansion work done tamiemiallv again-' nmgh- 
bonng elements. It should be noted that the value of « — that is, the exact 
nature ot the spiral path — has no bearing on this equivalence. 

. Co l sta >' t /l>'-U’-dar Velocity for Rotating Mass — There is onh- one way 
m which tne linear velocity of rotation of this gas mass can' vary with 
tue menus ot rotation and still maintain the equivalence between radial and 

tangential work, and that is to have the velocitv proportional to the radiu> 

a condition cf constant angular velocity. 

As- tune the law of variation to be 


This is arrived at as follows. 


V = 

Tiie equation for centrifugal force a 
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or, with Equation 7, 
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done against this force and through di-tar 
mkr 

d IV r — Er dr — — J-N-Idr 
Qc 

The tangential work dene is equivalent to the change 
corresponds to the change in linear velocity with 
energy of a mass in moving with velocity V is 

E 

2gc 2gr 

(by use of Eq. 7). The change in kinetic ener; 
by differentiating Equation 11: 


kinetic 


(10> 

energy that 
The kinetic 


(ID 

with radius is obtained 


d£ — d IV t = 2 n kF r-"- 1 dr 

2 Qc 


( 12 ) 

When Equations 10 and 12 are equated, according to the principle arrived 
at in the laA paragrapn, it is found that n ~ 1, and consequently that 

V — kir (7a) 

Thus, a condition of constant angular velocity prevails in this rotating gas 
mass. If l tr is the velocity at the tube wall of radius rw, it is obvious 
that 

k\ — V/r — Vw/rw (7b) 

This relation will be used later. 

Although a condition of constant angular velocity for the gas mass in 
this tube appears to be at odds with the observed velocity distribution in a 
cyclone collector, which lies between the extremes given by constant angular 
velocity and constant angular momentum, the difference is believed to be 
due to the extremely small amount of expansion work done by gas in the 
cyclone. The gas in a cyclone is, for our purposes, an incompressible fluid 
and should obey the law of constant angular momentum ( V — k/r), except 
as influenced by viscosity and turbulence. 

Values cf Radial and Tangential Expansion I Fork— By inserting the 


foregoing values tor n and ki into Equation 10, and 
unity, we obtain 

Vw 

dlVr 


.ing the mass m as 


as the work done cn unit mas. 
distance dr. Integrate between 
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against the centrifugal field, 
— 0 and r = r to obtain 
Vw \ - r z 


rw 


througn tr.e 


(13) 


This is the work done on one pound of gas by the centrifugal field in going 
from die axis to any radius r (“downhill.” in effect). The negative of this 
is the work done on the gas by the field in going in the opposite direction, 
namely from any radius to the axis (“uphill”). From the principle derived 
previously, the tangential work is the same. >o that the total work done 


on one pound of 
Equation 13, or 


gas in going front am radius to the axis 


= ( 

do 

;( 


Vw 


)A 

the 

)' 


(13a) 


rw ' gc 

It is readily seen that the work done on the gas between n and 

1 / Vw 

ET-: = (rF — r\~) — I ) (14* 

gc \ rw 

Energy Balance in Separating Zone — W f e can now set up an energy 
balance along a streamline. It will differ in one terra from the usual 
energy balance: the field potential term h , denoting the energy that can 
be recovered from one pound of matter a distance h above a datura plane 
in a gravitational field, will have to be replaced by C, the energy that can 
be recovered from one pound of matter because of its position in a 
centrifugal field. From the definition of potential fields, the change if 
potential is equal to the work required to move unit mass from one place 
to another against the field. Equation 13 gives the magnitude of this work 
in going from a radius r to the axis. If we take the axis as our datum 
level, then all other points are at a lower potential and we have to use 
the negative sign 

Vw 


( v w v - r- 

rw ) 2gc 


( 15 ? 


The ccnu lute energy balance is then 

JV J >v 

Cl + pit-1 -f El - t f- U\-~ = Cl -f- frz-2 4- £= H (16) 

-Tv 2ge 

I lie terra for Item transport, Q, into the element lias been drupped cut 
fcecau>e subsequent calcinations indicate that it is ot minor m'r. rtancc. If 
the t-'> " IJ d c. (interna! energy) terms are lumped together into the usual 
emhalpy te r! e //, and values subsiituscd for C (Eq. 15;, JFi-e (Eq. 14), 
y.\d 1 " (Eq. 7h ». we nl.uaiii 
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Equation 19 give* us the information that if we were to remove gas from 
two different rauii in toe whirling mass and stnrrua'.e the two streams (in 
convert the kinetic energy into enthalpy), they would have a resulting 
temperature difterenee equal to twice their difference in kinetic energy 
(using t,< to convert to temperature terms). The general magnitude of 
this temperature difference checks witii Hilsch’s data (Fig. 3;, as will be 
shown later. 1 1 rz is taken at the axis, its value is zero ami Equmicn 19 
becomes 


T — To' - 



Vw- 

c7~0 


( 19a) 


With the radius taken at the wall of the tube (r ~ rw ), the rehiTu 
becomes 


Vw- 

Tw’ — Ta ~ (19b) 

Cp gc 

Similarly, at a radius equal to the radius of the orifice 



where Z is defined as the ratio of the orifice area to the tube cross section. 
It should be emphasized that the temperature differences in Equations 19 
to 19c are values that would be measured after stagnating the gas concerned, 
as happens with the ho*, and cold streams leaving the Hilsch tube. The 
temperature difference indicated by instruments traveling with the gas (so 
as to eliminate the temperature rise associated with conversion of the kinetic 
energy) will be one-halt the above values. 

Pressure at Tube W ail in Separating Zone — Before proceeding further 
with analysis of temperature effects, it will be desirable to have a quantita- 
tive description of the pressure gradient existing in the "separation zone” 
of the tube. This pressure gradient is the physical aspect of the centrifugal 
field present. It can readily be shown that the pressure gradient due to 
the centrifugal field is 


d P 


V 2 p 


( 20 ) 


dr r g c 

Since the density at any point is MP/RT, and the velocity at any point 
in a mass rotating with constant angular velocity is r Vw Air, Equation 20 
becomes 


■ dp 
Tr 

If an "average” value of 
lion 20a integrates to 
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Equation 21 gives numerical values that are fairly close to those obtained 
by Equation 22, below, which indicates that a precise knowledge of the 
temperature throughout the rotating mass is of second order importance as 
far as pressure is concerned. However, this refinement can be made by 
using in Equation 20a the adiabatic relation between temperature and 
pressure, as follows. 

The adiabatic relation requires a constant entropy process, which means 
no change in internal energy through either heat transfer or frictional 
degradation of mechanical energy. It is obvious that this condition cannot 
be met exactly, but it is also apparent that, since the experimental tem- 
perature falls in the Hilsch tube are so large, the heat transfer and me- 
chanical energy degradation cannot be of major importance. It can be 
seen that the adiabatic relation holds roughly, at least, for, as the gas 
moves toward the center, both the pressure and temperature decrease. The 
adiabatic relation is 


T (/>) 

Ta (pa) 

When T in Equation 20a is replaced by its equivalent from this relation, 
Equation 20a can be integrated to 
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* * (prime) Temperature or pressure that includes both static and kinetic 
components of rotating gas. 
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It will oe seen that Equation 2ia is one-half the value given by Equation 
19a. However, if the gas removed from point r is stagnated, to convert 
the kinetic energy back into enthalpy the subsequent temperature differ- 
ence, T* — TT, equals that given by Equation 19a. All that the agree- 
ment means is that the same temperature relation is arrived at, whether 
approached through, the potential energy aspect (Eq. 19a) or the force 
aspect (Eq. 23a) of the centrifugal field. 

A short experiment was performed to test the general correctness cf the 
pressure equation (Eq. 22). A hypodermic needle with point beveled a: 
about 30 deg from its axis was found to serve fairly well as an impact 
tube when inserted into a moving stream, with the axis perpendicular to the 
stream and the opening facing upstream. For example, when the upstream 
pressure on a critical flow nozzle read 30 p*ig. the pressure indicated b.- 
a gage connected to the needle inserted perpendicularly into the je: was 
2d psig. The impact lube was calibrated in this fashion for use in the 
following experiment. A small hole was drilled in the wall of a Lucite 
vortex tube opposite the point of entry of the nozz 1 ■. By connecting a 
pressure gage to the hole, the static pressure at th wall could be meas- 
ured; and by inserting the hypodermic needle, the- al pressure (impact 
as well as static pressure) at wall and axis could determined. With a 
nozzle pressure of 50 psig, it was observed that th -tntic” wall pressure 
was 15 psig. total pressure at the axis was 1 psim nd total pressure at 
the wall (corrected for measuring error) was 29 psig. Actually, because 
the pressure-tap hole was in a curved wall, it tended to scoop into the 
rotating mass and pick up a fraction of the velocity pressure, calculated to 



Fig. 5. Rotary velocity at wall of Hilsch model I-c tube. 
(Nozzle pressure at 10 atm gage.) 


be around 1/10 (hole diameter about 1/6 of tube diameter). With this 
correction, the observed static pressure at the wall becomes 13.5 psig. and 
the observed velocity head becomes 15.3 psig (13.5 4- 15.5 = 29). These 
data can be used to evaluate Equation 22 (it is found that Vw is close 
to 1000 ft per sec), which then indicates a static wall pressure of 12.5 
psig. This is in good agreement with the observed value of 13.5 psig, in 
view of the difficulty in making accurate pressure observations. The main 
point that the experiment corroborates is that of constant angular velocity; 
it does not prove much about temperatures since, as previously mentioned, 
the centrifugal pressures are not particularly dependent on accurate knowl- 
edge of the temperature gradient. 

Pressure at Axis in Separating Zone — Inasmuch as pressure at any point 
in the active region depends on pressure at the axis, according to Equation 
22, it is of interest to know the pressure at the axis. The latter is de- 
pendent essentially on the cross-sectional area of the orifice and on the 
amount of gas that has to pass through the orifice. The amount of gas 
entering the tube through the nozzle is given by Fliegner's equation lor 
critical flow of air, modified for deg K in place of deg R, and using a 
eoeificient of unity: 

1 

IV n = 0.397 Snpn — •— lb per sec (24) 

VTn 



2/z-o 

5' 11 ‘ Tracnijn ol total gas that leaves through the orific* is defined to 
be 11 , tile weight of gas through the coM pipe is 

ITc — ,a 0.39 7 S„p» (24a) 

t VTn 

In the happy event that flow through the orifice also follows the critical 
flow reha on (requires pressure on the in.dde face of the oririce to he 
above 1 atm, gage >, we can write 

1 

II C rr; 0-397 S u p*vg (24b; 

vr« 

I5y elimination between Equations .?4a and 24b, it is apparent fliat 

5* f~77 / Dn \ \~Tl 

7 . = ^ (:5r) f F. (25) 

d*.e complexities of this particular flow situation became evident here: 
the average pressure across the inside face of the orifice, used 
simp;;, because an exact statement in terms of the centrifugal pressure 
gradient is too complex to be usable; however, error from tins source 
p: > .aoly dee* not exceed 10 percent of the absolute pressure at the axis. 
Another point of confusion is the degree of contraction of the gas stream 
as u passes through the orifice: in Equation 24b a coefficient of unity for 
the oririce was used that is, it was assumed that no contraction would 
occur, the tenancy being offset by the centrifugal acceleration, which has 
\\iiur- well < cr 1 1)0,000 “yV’ even at the radius of the orifice; never- 
idity of this assumption is not clearcut. 

it the inside face of the orifice is too low to cause critical 
cr.-nme equation for adiabatic expansion through an orihee 
' determine the pressure drop. At these low values, though, 
it 1 * probably ju-t as satisfactory to neglect compressibility effects and u<e 
the orih.e equation for incompressible fluids, which for tins situation 
reduces to 

uv- 

P*v S — P* t 111 rr — — (26) 

So z p2g c 

The den.-ity, p, is the arithmetic average density of the gas during its 
expansion from pnvg to the atmospheric pressure which exists in the cold 
p:pe. \\ e have again assumed a coefficient of unity for rotational flow 
through the orifice. The value of zo c is obtained by Equation 24a. 

Figure 5 gives plots of pressure at different points in the Hilsch 1-c 
tube at a nozzle pressure of 10 atm gage, with the flow ratio as the inde- 
pendent variable. Pressures at the axis in the separating sections were 
obtained by use of Equation 26 when flow through the orifice was below 
critical, and by use of Equation 25 when flow through the orifice was 
critical. Pressures in the hot pipe, just ahead of the valve, were taken 
from Hilsch’s reported values. Pressures at the wall of the separating 
section were calculated with Equation 22; the necessary values for Vw 
came from curve C, Figure 6, based on Hilsch’s measured temperatures, as 
aesoribtd later. 

It is interesting to note the relative magnitudes of these presMtres. Flow 
from tlie wall region in the separating zone down through the hot pine 
corresponds to the direction of the pressure gradient between these two 
points. For the same reason, it is expected that there is flow, or recircu- 
lation, from the hot pipe back into the lower-pressure region at the axis of 
the separating zone. The recirculation would tend to decrease the tern- 
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Fiq. 6. Pressures in Hiisch mode! l-c tube. (Nozzle 
pressure at 10 atm gage.) 


perature difference between hot anti cold streams, and such an apparent 
f CC \ s nt>tIct ^ * n the data given in Figure 3, where there are abnormally 
o\v >alues for I h — 7 C at low values of p. (where the rate of “energy 
separate n is low). In addition, it is probably true that anv condition 
which interferes with removing the hot stream from the seuarating zone a* 
smoothly as possible will decrease the temperature separation. For example 
a short hot pipe, a large diameter hot pipe, or a straightening vane in the 
not pipe womd all tend to cause a pressure recovery in the hut stream at a 
point close to the separating zone, with consequent increase in recirculation 
bacK to the low pressure area at the axis of the zone. 


Temperature Difference Bctzccen C is Out of Hot and Cold Pipes — The 
foregoing analysis of pressure in tiie active, or separating, section of the 
tube is oi aid in the process of determining the averaae temperature of 
gas out of tlie hot and cold pipes. It is obvious, for 'example, that the 
temperature of tlie gas flowing out the cold jupe lies somewhere between 
gas^ temperature at the axis and gas temperature at a radius equal to the 
orihee radius. A rigorous derivation of a general relation tor the average 
temperature was not possible with our mathematic-*, hut a fair approxima- 
tion was obtained by numerical evaluation of several representative cases. 
It appears that a reasonable compromise is obtained by considering that the 
temperature of the cold stream, after mixing and stagnation, is equal to the 
stagnated temperature of gas taken from a point at which the radius is 0 S 
of the orifice radius, or (r,/r„) 2 — 0.04 (will call U.n5>. The general 
reason for tin* can be seen l»y the fact that if tlie pressure were uniform 
at all radii, the representative radius would be that of a circle with one- 
half the orifice area, or a radius 0.707 of the orifice radius. The pressure 
gradient, however, bia*es the representative i»uint outward to the vicinity 
indicated; tlie bias comes about through increase in density with radius, 
and. ; .i suhcritical flow, through increase in velocity through the or: nee’ 
Consequently, the temperature of ga.* out the cold pipe is 


/ r \ 2 IV- fV : 

lc — Ta — 0.65 I — ) — 0.652 (24) 

\ rw / C P (jr Cp J- 

T lie error possible in T c — T a, because of error caused by use of a fixed 
factor (0.65) instead of a factor that shifts with conditions, is only a few 
degree* and does not invalidate the purpose of this section of the paper, 
which is to indicate the trends in performance caused by changes in the 
variables of construction and operation. 

Determination of a general relation for the average temperature for gas 
out of the hot pipe presents even more difficulties than the above case for 
flow out of the cold pipe. The additional complication is that the inner 
boundary for flow is not fixed, but changes with flow ratio and other oper- 
ating and structural variables, Tlie reason for this is that the gas will 
not move from a given point in the rotating mass in the separating zone 
down the hot pipe unless pressure at that point is greater than pressure in 
the hot pipe. The point, or radius, of pressure equality tends to shift out 
toward the wall as values of p decrease. At a nozzle pressure of 10 atm 
gage in the Hilsch l-c tube, the radius of pressure equality — that is. the 
inner boundary of the moving annulus — is around 0.7 of the wall radius 
when p — 0.5; thus, in this case, all gas leaving through the hot pipe 
has come from regions at higher temperatures and higher pressures that, 
found at 0./ > ;r. Again, to simplify the problem, a compromi-e was readied 
on a representative radius; it wa> decided to consider gas from a point at 
0.95 nv as representative generally of gas out of the hot pipe. Since at 
this point ( r r;c)“ rz Ud, 


Tk — Ta - 0.9 (T id — 7Y) — 0.9 

„ Cp I Jr 

1-rum Equations 24 and 25, it is seen that 

T;, — T , = (0.9 — 0.652) (7V' — 7Y) = (0.9 — 0.052) 
l'or the H:l*ch l-c tune 2 — 0.25. *o 


I V= 

TV — Tv - 0.75 

Cp o, 


Vw- 
C P g e 


(25) 


(26) 


(26a) 


Actued Temperatu re of Hoi and Cold Streams — So far. we have related 
hot and cold *tream temperatures hut have not -liown how drey are related! 
♦o the temperature of the compressed air we started with. 'Phis relation is 
obtained with an energy balance on the one stream in and the two streams 
out uf the device. However, since the gravitational energy term* cancel and 
the kinetic energy terms are insignificant, the general energy balance reduces 
to ail enthalpy, or heat, balance, (.hill the fraction of total flow that goe* 
through the cold pipe p. and take the specific heat of all streams as hum 
the same, then the balance reduces io 


7V = pT c -f (1 - — /i> 7V (2D 

Subtract 7V from both sides and obtain 

I ' IV 2 

7V — Tv — (1 — p) (Tn — T c ) - (1 — n) id.o — 0.652) (2d 

c-p gc 

Tbe apparent conflict between Equations 26 and 2S — namely, that tVr a 
eon*tam value of IV, T k — - 7V is independent of the flow ratio <’/D while 
T a — Tc is not — is resolved when it is realized that tlie temperature level 
of the whole rotating mass shifts upward or downward around 7V, depend- 
ing on the flow ratio. To take the extremes, when ju = l.'h all the gas 
leaves thru ugh the cold pipe at Tn, hut the temperature of the rotating 
mass still inside the tube is greater than T^: conversely, with p ~ 6, ad 
the gas leaves through the hot pipe at 7V, but the temperature of the ro- 
tating mass is now below 7V. in either case, according to the equations, 
as long as IV remains fixed, the temperature extreme* in the tube are 
fixed. Actually, the recirculation mechanism di*eussed earlier causes some 
degree of deviation from this relation. 

^^agl:itude of Rotary Velocity at Wail — The remaining major point to be 
evaluated is the manner in which IV«, which appears in most of the equa- 
tions, changes with the operational and structural variables of the tube. 
Vw is considered to take on a value at which the rate of energy los* 
resulting from friction against the wall is ju<t offset by the rate of gain 
from the jet plus the rate at which mechanical energy is transferred back 
from tlie spiral. The kinetic energy rate of the jet is tlie product of 


P"! 1 :, 1 :" of tinus the kiiu-tic energy of a pound of ga S 

Un * nV -‘ ;r - K 4u.itiou 24 to give tlie value of ll\, we obtain 


or 


W hen Kiju *on> 31 and 32 are equated and similar terms canceled, we 
obtain ' 


_ - Un~ Pn i n - 

1 = 0.3^7 (oq , 

4 VTT 2g c 

It i? quite likely th.u we can a^ume without too much error that l\ is 
essentially constant at the sonic velocity with which it leaves the jet (1030 
ft pci sec at 7 n n 2u t .) ; in any event, the contribution to the forward 
rot-itn n, nir.de by additional expansion of tin* jet at the wall of the tube, 
cannot readily be calculated since shock waves caused bv the curved wu 11 
will probably prevent much velocity increase of gas in the’ jet. 

Tile amount of energy converted from its form as enthalpy of the rotatin'* 
into a tangentially directed mechanical form at the tube wall is by 
tlm principle culminating in Equation 13a. V^/2o c ft-lb per lb of ga- 
F : a gas rate of g ll\ moving through the spiral, this becomes 


w Dn- pn V*'- 

{h t) spiral — 0.3'}/ p (30^) 

4 VTn 2 g s 

Ti-.e rate of energy input sustaining forward rotation is the sum of Equa- 
tions 29 and 50: 
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(31) 


The rate of energy dissipation by the rotating mass is of a more specu- 
lative nature, but it seems possible to approximate it. Hilsch’s data on 
the 1-c tube are best fitted by the assumption that the drag force is pro- 
portional to tiie wall area against which the “separating zone” is rotating, 
to the firs: power of the velocity at the wall, and to a fixed “friction 
coeifieient.” If we assume the length of the separating zone to be propor- 
tional to the diameter of the inlet nozzle, and remembering that force times 
velocity gives an energy rate, then 

Vw 2 

(£/ 0 frUtiort — f 77 Dw Dn — (32) 

2g? 

Here ; must have the dimensions of lb mass/sec (rt'r to balance the equa- 
tion. It was initially expected that this friction relation would involve a 
velocity head, similar to the friction relation for turbulent flow in pipes, 
but data on the Hiisch 1-c tube indicate that the drag force is proportional 
to neither the gas density nor the second power of the velocity. It resem- 
bles in short, a viscous drag, but reasons for this are not clear. 
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The unknown constant f can be evaluated from Hilsch’s data, reproduced in 
bigurc 3. Here In — Tc is given as a function of the flow ratio, p, for 
Hiisch s time 1-c at pn — 10 atm gage. From Equation 26a, Ft* can be 
obtained directly; the errors due to ignoring recirculation and to the ap- 
proximations used to obtain average temperatures out hot and cold pipe.-,, 
wid be incorporated, of course. Curve C on Figure 6 is a plot of 

l- u> vs ^ for the Hiisch 1-c tube at pn 10 atm gage. Data at g — 0.3, 

the point of maximum temperature fall, were used to evaluate from Equa- 
tion 33. The resulting value was f = 40 lb/ sec (ft)*. With the magni- 
tude of the friction coefficient established. Equation 33 was used to calcu- 
late the plot of V w vs p given as curve B on Figure 6. The agreement 
between theoretical and empirical curves is fair in the middle section. The 
empirical curve is believed to be too low at low' values of p because of 
recirculation effects ( depress T h — 7V on which Ft is based). The theo- 
retical curve is too high at high value.-, of p because it ignores the limb 
tation set by the speed of sound in gas at the wall. That is, shock wave-, 
will be formed when the gas velocity at the wall tend., to exceed sonic 
velocity and further velocity increase will be prevented. Line A on Figure 
6 is a plot of this limiting velocity, based on Hilsch’s hot-stream tempera- 
tures and a table of sound velocity in air as a function of temperature. It 
can be seen that at high velocities it falls fairly close to the “observed” 
velocities given by curve C of Figure 6. 

The analysis of motion ending in Equation 33 is not satisfactory for 
several reasons: it assumes constant jet velocity; it does not account for 
the energy lost in turbulence when the jet shoots into the rotating mass; and 
it considers the width of the frictional area to the fixed (proportional to 
D n ), when it very likely* changes with flow rate and other variables. How- 
ever, further theoretical work probably is not justified until more specific 
experimental data on motion in the tube are obtained by groups interested 
in the commercial possibilities of the tube. It is hoped that the viewpoint 
presented in this paper will be of value to any such investigators. 
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Discussion 


Neif P. Bailey, Rensselaer Polytechnic Institute 

Equation 14 of this paper is the well known first approxi- 
mation for the work done on the impeller of a centrifugal 
turbine. Mr. Webster has not realized that he has written 
the equations for radial and tangential decelerations that 
can be true only when the flow is passing through an 
impeller upon which the air does work. This same equation, 
(14), applies equally well for the work done by a radial 
blade centrifugal compressor impeller as air flows outward. 

These equations simply do not apply to flow with no 
impeller because there is no mechanism present to produce 
such decelerations. Mr. Webster was further misled by 
the pure coincidence that the pressure and temperature 
changes in such a centrifugal impeller just happen to be 
comparable in magnitude to the measured pressure and 
temperature changes in a Hiisch vortex. 

The following is a summary of the conclusions reached 
to date from studies on a free vortex at Rensselaer. 

1) The ideal free vortex of the mathematician (velocity 
X radius = constant) cannot exist in a real gas 
that has the three “transport” properties of diffusion, 
viscosity, and thermal conduction. 

a. It calls for radial velocity gradients that are very 
large and cannot exist in a gas with viscosity. 

b. It calls for radial static temperature gradients 
that would result in high rates of radial heat 
transfer. 

c. It furnishes no possible rational solution near the 
center when an actual gas is considered. 

2) It has been concluded analytically, experimentally, 
and philosophically that complete equilibrium with a 
real gas demands rotation at constant angular velocity 
(tangential velocity — constant X radius) with a 
constant static (not total) temperature throughout. 
This means that: 


a. The total temperature cannot be constant but 
must increase from the center to the outside. This 
equilibrium is reached by radial heat transfer and 
is the reason for the low center temperature and 
the high periphery temperature in the Hiisch tube. 

b. It means that equilibrium is reached only after 
there is no longer relative tangential motion be- 
tween successive gas layers. For this reason the 
angular momentum per unit mass of gas is not 
constant, but has been redistributed by forces 
of viscous origin. 

3) By assuming this type of vortex, the velocity, total 
temperature, and pressure gradients have been cal- 
culated on the basis of 

a. Constant angular velocity 

b. Constant static temperature 

c. Integrated enthalpy per unit length of vortex 
equal to that supplied by the gas that formed it 

d. Integrated angular momentum per unit length of 
vortex equal to the angular momentum of the 
supplied air that formed it 

4) Experimentally, such vortices have been formed in 
tubes from one to four in. in diameter by a set of tan- 
gential vanes at the circumference of the closed end 
of the tube. As the spinning air progresses toward 
the open or discharge end of the tube, it has been 
repeatedly traversed and measured and the follow- 
ing results are consistently reproducible. 

a. At first the total temperature is constant through- 
out the air and the velocity at the periphery is 
greater than that called for by section (2). 

b. A point is reached further down the tube where 
the angular velocity is essentially constant. At 
this point, radial pressure, total temperature, and 
tangential velocity as measured check well with 
the theoretical results of section (3). 


I 


c. As the gas travels on out the tube, wall friction 
destroys its angular momentum and the tangential 
velocity becomes low at the pipe wall first and 
this degradation progresses gradually to the center. 
Heat transfer and viscous forces gradually redis- 
tribute the energy until the total temperature is 
again constant and equal to the original value. 

5) There are still some points about which we are not 
clear and work is currently in progress to help settle 
them. 

a. What minimum elapse of time is required for equi- 
librium to be reached? 

b. Can there be a transition from supersonic to sub- 
sonic tangential velocity in such a vortex? 

c. Why does such a vortex in free space (a whirl- 
wind) assume a characteristic funnel or conical 
shape? 

d. Is there a characteristic “core size” for a given 
amount of angular momentum per pound of air? 
Cyclone cores suggest th 3. 

Alexander Goetz, California Institute Technology 

The author has found an ji. genious approach to the 
problem of treating thermodynamically some of the prob- 
lems presented by the performance of the Hilsch vortex 
tube. It appears, however, problematical whether this or 
similar approaches will succeed in providing the mechanism 
by which the entering group of gas molecules is “split” 
into two groups of different energy levels so that the* 
energy missing in one is added to the other. In the treat- 
ment of transfer phenomena, thermodynamics will have to 
assume the existence of at least a “steady” state (if not 
of a quasi-equilibrium) in a continuum. If flow velocity, 
dimensions, etc., are considered for this case from a gas- 
kinetic point of view, it is apparent that the time of 
“sojourn” of a molecule in the separation chamber of the 
Hilsch tube (10 -3 to 10" 4 sec) is small compared to the 
average interval between molecular collisions. Hence, the 
mechanism for an intermolecular energy exchange is absent 
at this stage. 

The distribution of energy among the molecules immedi- 
ately after leaving the nozzle must be quite heterogeneous 
(although quantitatively different from a Maxwell-Boltz- 
mann distribution). Under these conditions it would appear 
permissible to assume that the molecules with high energy 
(speed) will preferentially contribute to the formation of 
the vortex while the low-energy molecules will stay behind 
and be forced into the center of the tube opposite the orifice. 

A radial temperature gradient is thus established with 
a maximum near the orifice and gradually vanishing along 
the axis of the hot tube at a rate at which an increasing- 
possibility for energy exchange will take place. It appears 
that such a mechanism will not have to be contradictory, 
but rather supplements the thermodynamic treatment of the 
radial and tangential momenta involved in the procession 
of the vortex along the hot tube. The very critical dimen- 
sion of the diameter of the orifice, the importance of it 
being as close as possible to the nozzle, the condition of 
the exact rotational symmetry of the spiral, and, finally, 
the necessity for minimizing frictional losses (polishing 
of the hot tube) seem to support the assumption that the 
initial separation is due to a molecular kinetic phenomenon. 

This suggested point of view does not alter the overall 
thermodynamic energy balance; it only postulates the “a 
priori” existence of hot and cold molecules for which the 
mechanism of the Hilsch tube provides only a peculiar mode 
of separation, possibly not dissimilar to the function of the 
Maxwellian “demon.” The work required for such a separa- 
tion is supplied externally by the compressor. 

C. D. Fulton Jr., Mass. Institute of Technology 

In Equations 1 through 4, the force is assumed to be per- 
pendicular to the velocity. Thus the work is zero and the 
speed is constant. Since this cannot, of course, be assumed, 
it is necessary to replace the angle a in Equations 3 and 4 
by another angle J3. 

If a particle is whirled on the end of a string and the 
string is pulled through a grommet, the angular momentum 


of the particle will be preserved. Thus the tangential 
velocity will be inversely proportional to the radius and 
the angular velocity will be inversely proportional to the 
square of the radius. The force will be in the radial 
direction at every instant and there will be no tangential 
force and no tangential work. The tangential work in cir- 
cular motion, therefore, is not measured by changes in V, 
but by changes in Vr. It can be shown that Equation 12 
should be written 

m 

dlEr = (n -f 1) k\ r' 1 ~ 1 dr 

If the vortex is free, having constant angular momentum, 
n = — 1. It is seen that the equation is correct in giving 
zero tangential work for this case. The kinetic energy 
comes from the pulling of the string — i.e., from the cen- 
trifugal work, which emerges as energy in the tangential 
direction. If the vortex is forced, having constant angular 
velocity, n — 1. For this case the equation gives dW — 

2 m/g At r dr, W = m/g krir — m/g Vx This is twice the 
kinetic energy, and it shows that half of the tangential 
work goes into the kinetic energy and the other half goes 
into work against the centrifugal force. This is another 
example of how, in vortices, work applied in one direction 
may emerge in the other direction. The Newtonian rules 
of Cartesian systems cannot be applied to polar systems 
without proper transformation. 

In circular flow, no tangential force can exist on a gas 
element except through the presence of blades, shearing 
friction, magnetic force, or the like because the pressure 
behind the element is the same as the pressure in front of 
the element. There is also no such quantity as tangential 
expansion or tangential expansion work. If friction, blades, 
and body forces are not considered, the tangential work is 
zero and the vortex is free. 

The general energy equation for steady flow, Equation 
16, can only be applied to a control surface assumed to 
exist somewhere in the field of flow through which the 
gas flows. The work in this equation is shaft work cross- 
ing the control surface. Under the author’s assumptions, 
this shaft work is zero. Two frames of reference nvay be 
used by the observer and all quantities in the equation 
must be written as seen and felt by the observer. If 
the observer is at rest with respect to the tube wall, he 
feels only the earth’s gravity, and the gravitational work 
is zero. If the observer rests in a frame of reference 
rotating with the fluid, he experiences the centrifugal field, 
and therefore the gravitational work will have a value, but 
the velocity seen by the observer will be reduced so that 
the sum of the kinetic energy and the gravitational energy 
will be a constant. The result of the energy equation, by 
any correct method, is to show that the sum of the enthalpy 
and the kinetic energy is a constant, if friction and heat 
transfer are omitted. 

The method of the author gives an energy transfer of zero. 

Newman Hall, University of Minnesota 

Mr. Webster’s analysis suggests one possible approach. 
In this treatment he wisely points out that his treatment 
cannot explain the full details of the flow and that it leaves 
several observed features inadequately explained. It would 
appear, then, that such a simplified theory will certainly 
need to be extended greatly to be adequate. 

In reexamining this approach, it is suggested that several 
factors be considered: 

1) Use of one-dimensional flow analysis in a field where 
two- and even three-dimensional behavior is occurring is 
very precarious. A much more careful consideration of the 
interaction of adjacent streamline and fluid elements than 
is given here is essential. 

2) Action of pressure gradients and inertial force fields 
with respect to the motion of fluid elements requires ex- 
treme caution in analysis to avoid confusion as to the trans- 
fer of work within the fluid mass. 

3) Identification of local temperatures or even stagnation 
temperatures with an observed cooling effect requires more 
careful specifications as to the precise nature of the cor- 
relation between analysis and experiment involved. This 


is particularly true when rotational as well as translational 
motion occurs. 

4) It is believed that the omission of any viscous effects 
may be one of the more serious weaknesses of the approach. 
At some point within the flow, it is very probable that ve- 
locity gradients, perhaps between the hot and cold streams, 
of sufficient magnitude occur to require consideration of 
viscosity. 

r>) The actual mechanism of separation of the hot ami 
cold streams is almost entirely overlooked. This is certain 
to be a major item in a more detailed study. 

M. M. Holstad, University of Missouri 

In my opinion, the point that there is constant angular 
velocity in the vortex is not justified. The effects of wall 
friction and momentum exchange radially probably result 
in the actual flow being somewhere between constant angu- 
lar velocity ami constant angular momentum. 

Possibly the performance of the tube could be explained 
like this: the air entering the nozzle at ambient tempera- 
ture and high pressure undergoes a big temperature drop 
as the pressure falls through the nozzle and its velocity 
increases greatly, the exact amount depending on the ratio 
of the outlet pressure to inlet pressure and the type of 
nozzle (converging or converging-diverging) . The high 
velocity air continues to expand as it spirals inward around 
the main tube. If there were no wall friction, shock waves, 
or momentum interchange between "successive layers” of 
the spiral, the continued adiabatic expansion would result 
in further temperature and pressure drop ana velocity 
increase until the air reached the center of the tube. For 
example, with air entering the nozzle at 70 F and 30 psig, 
it would attain a static temperature of —74 F in expanding 
isentropically down to atmospheric pressure. 

Actually there certainly is wall friction, momentum ex- 
change between "layers,” possibly shock wave formation, 
and the flow is probably far from isentropic as implied in 
the paper. Due to the increasing velocity approaching the 
center, the momentum exchange results" in each layer of 
gas doing work on the preceding layer and having work 
done on it by the next layer of gas closer to the center 
of rotation. This, then, along with the wall friction and 
possible shock, results in a final equilibrium where the 
temperature at the center is not as cold as if the expan- 
sion were isentropic. (There may be an additional tem- 
perature drop as the cold air expands through the orifice.) 
Furthermore, the work done by each "layer” on the pre- 
ceding "layer ’ accounts for the temperature increase away 
from the center of the tube and the warm air going out 
the one tube. 

C. M. Ashley, Ca rrier Corporation 

The validity of this theory depends upon the demonstra- 
tion in the first 12 equations that the angular velocity of 
the stream remains constant as the fluid spirals in toward 
the center of the jet — i.e., the linear velocity varies directly 
with the radius. Unfortunately, the validity of this broad 
conclusion, when unrelated to frictional losses within the 
stream, can be challenged and along with it the whole of 
the theory of which it is the cornerstone. 

In the first place the conclusion is refuted by observed 
facts — when you pull the stopper in a wash "basin, the 
voitex which is formed very evidently conforms more closely 
to the “free vortex” condition — that is, velocity inverse to 
the radius — than to the constant angular velocity condi- 
tion postulated by the author. While the author maintains 
that the constant angular effect is due to the compressibility 
of the gas, the mathematics do not contain a density term, 
furthermore, the vortex flow at velocities approaching the 
speed of sound in the vaneless diffusers of centrifugal 
compressors can be predicted with good accuracy using 
the free vortex theory but not by the constant angular 
velocity theory. 

Another line of approach is an examination of the mathe- 
matics used by the author. Referring to Figure 2c and 
Equations ;> and G, the author shows the radial work done 
°y the gas element and the tangential work done on the 
pas element, whereas to be mathematically consistent he 
must show both components of the work done by the gas 
element. This can be understood clearly by pointing out 


that, since the sum of the two work components is in a 
direction at right angles to the motion of the element, the 
value of the sum must be zero. Because of this inversion 
of sign, a corresponding inversion of the power function 
of the velocity is made in Equation 7a which should show 
the velocity varying as the — 1 power of the radius which 
is inveise instead of the 4-1 power, which is direct. 

Another point which deserves mention is that the author's 
mathematics involve no dimensionality of the tube but we 
could certainly expect that the results would not be the 
same with a tube 0.1 in. long as with 10 ft nor for a tube 
1 ft in diameter as compared to 1 in. 

In an ideal free vortex, available energy of each ele- 
ment of the stream is transformed into kinetic energy with 
resulting decrease in the static temperature of the stream. 
However, when the stream is once more brought to rest, 
the temperature resumes its original value since the total 
energy has not been changed. To effect a change in total 
temperature, it is necessary to transfer energy from one 
portion of the stream to another but the author has 
demonstrated no mechanism by which- such transfer of en- 
ergy can be accomplished. 

It can be shown that at the center of a jet the vortex 
velocity does approach a constant angular value but for 
a diffeient reason than that proposed by the author — i.e., 
internal fluid shear forces. 

Author's Closure 

As judged by the foregoing comments, this paper was 
at least successful in its secondary aim of stimulating 
discussion of the vortex tube. 

Professor Bailey and his coworkers appear to have 
cai i ied out rather extensive researches on vortices, and 
the summary of their results to date is good, though neces- 
sarily brief. The experimental work, however, was car- 
lied out with a type of tube in which there was only one 
flowing stream, the air being introduced tangentially at 
the closed end and then flowing down to the open end. It 
is hoped that they will extend their work to the type of tube 
considered in this paper, that is, a two-stream tube in 
which the cooled stream leaves immediately at the closed 
end and the hot stream alone passes down the length of the 
tube. In reference to the statements made concerning 
Equation 14: Since the first part of the treatment was 
concerned with developing a recoil mechanism for radial 
and tangential decelerations, it would be expected that the 
use of this mechanism would result in the same work 
equation as for* a centrifugal machine, and consequently 
that the agreement on pressures and temperatures is not 
pure coincidence. * - -‘*- 

In his first paragraph Professor Goetz questions the 
applicability of thermodynamics to this problem, on the 
premise that equilibrium is not attained among the mole- 
cules during their brief residence in the tube (10 " to 10~ l 
sec). However, in view of the fact thac a single molecule 
makes on the order of HD' collisions per second under the 
temperatures and pressures in question, it would conse- 
quently undergo 10*’ to 10 : .collisions -while in the tube. 
This is far in excess of the number of collisions required 
to establish equilibrium, and it is consequently likely that 
at any point equilibrium among adjacent molecules is closely 
approached. Also, as an empirical check, it can be noted 
that the laws of thermodynamics adequately describe the 
behavior of orifices and impact tubesoso small that the action 
period is around 10" : sec. As for viewing the behavior of 
the tube in terms of the kinetic theory, it certainly is per- 
missible, but most likely would -present- -mathematical diffi- 
culties, at least for the writer. 

Mr. Fulton may very well have located the weak spot 
in my analysis, but at present I will have to take his con- 
clusions on authority and hope that he gives a fuller exposi- 
tion of his ideas in his forthcoming* paper. Mr. Ashley's 
criticism follows the same general line of thought, so will 
not be dealt with separately. In the event that the approach 
to constant angular velocity measured by Professor Bailey 
is caused by internal friction rather than my proposed 
mechanism, still, the pressure and temperature relations 
from Equation 19 on should be useful as a means of cor- 
relating results on the tube. 
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THE VORTEX TUBE- 

Internal Flow Data and 
A Heat Transfer Theory 

George W. Sc/ieper Jr. 

Goj Turbine Engineering 
General Electric Company 


TKi» articla continues tTi» discussion, begun two years ago In 
REFRIGERATING ENGINEERING, of the thermodynamic prin- 
cipUs whtch cause the hot and cold air flow* through what has 
become Inown as the Hllsch Vortes Tube. The earlier articles 


‘Analysis of the Hilsch Voriei Tube" by D. S. Webster, pub- 
lished in February 1950 

Ranque’s Tuba" by C. D. Fulton, published in Way I9S0 
’Fluid Action in tha Ycrte* Tube" by Roy MacGee Jr., pub- 
lished in October 1950 

'Bibliography of the Vortex Tube" by Welter Curley end Roy 
MacGee Jr., published in February 1951 


T HE vort* or Hilsch, or Ranque, tube as it is vari- 
ously ed is a remarkably simple device which 
produ hot and cold gas streams simultaneously 

from a so of compressed gas. This device has no 

moving pa; It consists of a straight length of tubing 
with a cone. ic orifice near one end and a nozzle entering 
tangentially near the outer radius adjacent to the orifice 
plate (see Fig. 1). By throttling on the end of the tube 
farthest from the orifice, a cold stream is forced through 
the orifice, while a hot stream issues from the opposite 
end of the tube. Cold air temperatures 100 deg F below 
nozzle temperature are readily obtainable at moderate 
nozzle pressures with correspondingly high hot air tem- 
peratures. 

Interest in the vortex tube has been increasing rapidly 
in this country since the publication here of the experi- 
mental work done in Germany by Rudolf Hilsch'. In this 
basic work Hilsch determined tube proportions for optimum 
Performance, and overall performance data over a wide 
range of nozzle pressures. The device was actually in- 
dented in France by G. Ranque, who obtained a French 
Went in 1932 and a U. S. patent in 1934. Ranque 
described the tube in s^i article in 1933'. 

That the vortex tube does actually separate a com- 
pressed gas into higher and lower stagnation temperature 
•‘ream 3 is beyond question. How it does this is at present 
* 8u 'uect of much study and controversy. To the writer’s 
knowledge no data have previously been published on the 
mtc:; a] flow- processes in a vortex tube. 

As the subject of a master's degree thesis, the writer 
Per.otmed experiments on a vortex tube to define, if only 
a PPi'nximately, the flow and temperature patterns exist- 
ing under various operating conditions. This work formed 
the basis for the "heat transfer theory" advanced in the 
thesis, completed in May 1949’. The present paper incor- 
porates much of the thesis work and presents the heat 
transfer theory in slightly modified form. This is, to the 
writer’s knowledge, the first vortex tube theory based on 
forced convection heat transfer to be published. 

On this theory, heat transfer occurs radially from the 
vortex core outward by virtue of static temperature 
gradients in that direction. The heat sink is provided by 
the outer gas layers which are at lower static tempera- 
ture due to the nozzle expansion. ' This heat transfer raises 
the stagnation temperature of the outer gas which produces 
the hot flow, while at the same time the stagnation tem- 
perature of the core is lowered producing a cold flow 
through the orifice. 

Test ResuKs 

Two classes of tests were used to determine tha flow 
patterns. The first was by visual methods; the second by 
instrument traversing. In all of these tests a relatively 
large tube diameter (1 J ,& in. ID) was used to facilitate 
probing the interior of the tube. The nozzle design and 
tube proportions were dictated by simplicity of construc- 
tion and compressed air supply limitations. As was to be 


THROTTLE NOZZLE “COLD" 

^L OG ATI ON /HOT" TUBE ^ ^ ^ TU BE 

CASE A, Jo ^ORIFICE 


' L_r- 

4- r 1 

CASE B, u-0 


~ l — t t ■ IT - " T 1 f» 

CASE C, 0<u< I 



CASE 0, u * I 

Fig. I. Basic flo»* pattern* for four operating condition* 
defined by cold fraction u. 


' Thu j U |i?r presented before the Heal transfer and Fluid Mechanics 
In «itute, Stamford University, June 20-22, 1951. 

This [MIXT is tinned nn a thesis for a maker's de*ree. written by the 
•uthor while attending Union College, Schenectady, N. \\, at*d is riot 
•Xwted io .my work of the General Electric Company. 


expected, these design compromises resulted in poorer over- 
all performance than the tubes of Hilsch*. However, for 
the purpose of this investigation, optimum performance 
was not considered to be of importance. 

For the visual testing the tube used was glass with a 
brass nozzle section and clamp ring. The "hot" tube was 
three feet long, and the "cold" tube was eight in. long. 
The nozzle diameter was 14 in., and the cold orifice 
diameter was % in. The most effective way found to 
visualize the flow was to use silk thread knotted loosely 
around a tightly stretched wire running axially through 
the tubes. The thread was about % in. long, pointing 
radially, and free to rotate and slide axially along the wire. 
In operation, the thread rotated rapidly at all axial posi- 
tions as long as the center of rotation (the wire) was 
within about 14 in. of the tube axis. Outside of this 
diameter the thread did not rotate, but assumed a tangential 
direction. 

The most revealing feature of these tests, however, 
was the axial motion of the thread at various radii and 
degrees of hot end throttling. These results are shown 
in Figure 1 by arrows parallel to the tube axis. In this 
figure, and as used throughout this paper, the symbol t« 
represents the fraction of noZzie flow passing through 
the orifice, and its value is determined by the amount 
of throttling on the end of the hot tube. It is seen in 
Figure 1 that there exists for all values of it a definite 
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Fig. 2. Tatt letup lhowing initrumanfa Hon. 

and strong reverse flow in the core with a diameter approxi- 
mately equal to the orifice diameter, and that this flow 
originates at a point very near the throttle end of the tube. 

Chemical smoke testing with stannic tetrachloride was 
in general unsatisfactory due to the high degree of turbu- 
lence, even at the lowest nozzle pressures. However, the 
smoke did give some indication of the presence of a more 
or less solid rotation core flow. 

Oil in the compressed air left a helical oil trace of 
increasing pitch toward the hot end on the tube wall. 
The angles of this helix indicate that near the tube wall 
the axial component of velocity is less than the tangential 
component for virtually the whole tube length. 

From all the foregoing, and in particular the axial 
motions of the threads, a great deal can be deduced about 
the radial flows which occur in the tube. Figure I 
shows the four possible operating conditions of a vortex 
tube at constant nozzle pressure, varying only the cold 
fraction, u, by throttling the hot end. This figure sum- 
marizes the internal flow configurations in a qualitative 
form and is basic to the theory presented later. 

In Case A (u < 0) a suction is created at the orifice due 
to insufficient throttling. Thus, room air is drawn into 
the tube. This air penetrates axially to a stagnation sur- 
face of revolution such as 1-2-3,- shown by the dotted curve, 
across which there is no axial flow. Extending from the 
extreme hot tube end up to the surface 1-2-3 is a core 
back flow caused by a sink flow near the tube end. This 
back flow is then returned to the outer helix flow by a 
source flow as surface 1-2-3 is approached. Raising the 
nozzle pressure moves surface 1-2-3 toward the hot end, 
due to the increased suction effect. Throttling the hot 
end moves surface 1-2-3 toward the orifice. 

In Case B ( u = 0 ) the throttling is such as to move the 
surface 1-2-3 partially through the orifice so that no net 
flow exists through the orifice. Therk probably exists a 
small recirculation through the orifice with inflow near 
the center and on equal outflow leaking around the edge 
t)f the orifice. The back flow and recirculation within 
the tube remains essentially as in Case A. 

In Case C (0<u<l), the only operating condition at 
which an outflow of cold air is produced, the throttling is 
increased to push a net flow through the orifice. The 
back flow- maintains itself, but as u is raised the source 
flow near the nozzle decreases, probably due to the increase 
in the static pressure gradient near the nozzle, and the 
higher axial velocity of the core flow. It is probable that 
a leakage exists, as in Case B, around the edge of the 
orifice due to friction on the orifice plate surface lowering 
the velocity and hence the centrifugal force on this air, 
which allows the pressure gradient to force it inward. 

In Case I) (u — 1) the hot tube is closed off, forcing the 
total flow through the orifice. As in all the previous eases 
the core back flow is still present, but there is probably no 
longer a source flow' near the nozzle — i.e., all radial flow 
is inward. Tim flow pattern is in this case very similar 
to that obtained for a cyclone separator* which is essen^ 
tially the equivalent of a vortex tube with no hot end flow. 

The flow in a vortex tube may be summarized as con- 
sisting of an outer helix flowing away from the nozzle, 
and an inner or core helix flowing back toward the nozzle 
end. The radial flow distribution depends on the amount 
of throttling on the hot end. 

In the instrument traversing tests the glass tubes used 
in the visual tests were replaced by brass pipe of the same 
diameter, having traverse holes located along the pipe. 
Figure 2 is a sketch of this test setup and shows the loca- 
tion of the five traverse stations (numbered 0 to 4). All 
other instrumentation is also shown. Traverse readings 
were made at each of seven radial positions (numbered 
0 to 6) spaced in. apart, with position 0 at the axis 
of the tube. Three traverse instruments were used: 

thermocouple "tube," static pressure tube, total* pressure’ 
tube. Each of these tubes was made with a short length" 
of 3/32-in. OD stainless steel tubing. For the thermo-* 
couple tube, an exposed fused junction of coppev-copnie 
wire extended about \i in. from the end of the tube. The’ 


impact tube was made with a No. 89 drill hole (0.0135 in2 
diam) normal to the tuhe axis and located 3/1G in. from 
the plugged end n* the tube. The tube was provided with’ 
a direction arm to indicate the approximate direction at 
the impact hole. The static tube was made with a No. 80* 
drill hole located in the end surface of the tube, con^ 
centric with the tube axis. Before drilling the hole, the 
end surface was machined flat and perpendicular to the 
axis after plugging the end of the tube with brazing mate^ 
rial. The principle of this static tube is that the pressure 
hole is located in a flat surface which lies parallel to the 
rotational flow in the vortex. This can of course be valid 
only if the radial velocity component is negligibly small/ 
which the writer believes to be true in the vortex tube, j 

It is recognized that this instrumentation, particularly 
the static pressure tube, is rather crude and places certain 
limitations on the accuracy of the data herein presented? 
It is felt, nevertheless, that the results obtained are 
sufficiently accurate to show the basic internal flow pat- 
tern. The instrumentation used was chosen for its con? 
structional simplicity. The design and construction of "aj 
more adequate instrumentation for this complex flow field 
was beyond the scope of the work undertaken. In thi? 
paper a representative part only of the original data* 
obtained is presented. Reference 3 contains the complete* 
data obtained. 

Static and total pressure vs radial position was meas5 
ured at four traverse stations along the tube. The total! 
pressures were maximum values obtained by rotating thel 
impact tube. Angles at which this reading maximized! 
(stream angles) were not measured but it was observed] 
that the stream angles were essentially tangential, indicate 
ing relatively small axial velocities. This result is in agree^j 
ment with the helical oil traces observed in the visual tests, 
discussed previously. ' 

Velocities were calculated on a compressible flow basis] 
with the aid of Reference 5. The thermocouple tempera^ 
tures were col lected for impact recovery by the use of "Sj 
recovery factor of 0.G5L £5 

At axial stations 1 and 2 the flow field is essentially one: 
of solid rotation up to about % in. of the tube wall (radial^ 
position 5). Between this radius and the wall the velocity’ 
distribution approaches that of a free vortex in which 
tangential velocity is inversely proportional to radius. Th? 
velocities obtained are essentially equal to the tangential^ 
components. At the axis of the tube, however, the axial; 

velocity component dominates and hcncc the measuied 
velocity does not go to zero. There may also he some lack 
of rotational symmetry. 

Figure 3 is a plot of total and static temperature vs 
radius for a nozzle pressure of 15 psig ami cold fraction 
(/<) of 0.26. At this condition the cold air temperature was 
43 F with a nozzle air temperature of G4 F. The signifi- 
cance of these curves with respect to the heat transfer 
theory of operation lies in the fact that the cold air stream 
winch emerges from the core of the tube has a higher 
static temperature than the surrounding outer helix. 

Figure 4 is a plot of total temperature vs axial distance 
from the nozzle for radial positions 1 and 5 which were 
chosen to be representative of the core flow and outer helix 
flow respectively. The arrows on the curves indicate the 
axial flow direction at these two radii. In this case cold 
fraction (») was zero, the nozzle conditions being identical 
to those of Figure 3. It is observed from Figure 4 that 
cold temperatures are produced even though no flow goes 
through the orifice. In accordance with the requirement 
of an overall heat balance, assuming no heat transfer be- 
tween the air and the metal of the tube wall, there is no 



Fig. 3. Static and total temperature vs radiu* at 
three traverse jtatiom. 


net increase in temperature of the outer helix flow which 
issues from the throttle valve. Figures 3 and 4 lead imme- 
diately to the heat transfer theory of the vortex tube. 

Before leaving this section on test results it should be 
pointed out that the remainder of the data for pressure, 
temperature, and velocity obtained in the original research 
at some other operating conditions is very similar to the 
cuives herein, the main difference being a general shift 
of the magnitudes at a given traverse station. 

Theory of Operation 

It has been shown that the flow pattern in a vortex 
tube consists basically of two counter current axial flows, 
*>th an approximately solid rotation. The inner core axial 
«ow emerges from the orifice with a reduced total or stag- 
nation temperature. The axial flow of the outer helix 
enu res from the opposite end of the tube at the throttle 
v al” with an increased total temperature. The core is at 
* higher static temperature than the outer helix. These 


* T’rtal, stagnation, and imjiact are synonymous terms as applied to P**© 
sure or temperature. 
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conditions form the basis for the heat transfer theory of 
the vortex tube, which follows. 

Referring to Figures 3 and 4, the increase of the total 
temperature of the outer flow is attributable only to heat 
transfer from the inner core, since no mechanical work 
»» involved. The core, being at a higher static temperature 
nan ^e outer helix, transfers heat by forced convection 


NOMENCLATURE 
A=#ffecMve surface area, iq ft 

C— specific heat at constant pressure, Btu par lb, deg F 
N = cooling effectiveness, dimensionless 
P— noule inlet pressure, atmospheres absolute 
Q=: heat flow rate, Btu per hr 
T— total (stagnation) temperature, F 
(— static temperature, F 
u— cold flow fraction, dimensionless 

t/=overell heat transfer coefficient, Btu per hr, sq ft, deg F 
•'^weight flow rate, lb per hr 

*t=heat transfer mean static temperature difference, deg F 
■ifc^isentropic nonlq temperature drop, deg F 

Subscripts on T or / 

W=et noisle discharge 
C — cold flow at orifice discharge 
W— hot flow at throttle valve discharge 


to the outer helix, and as a consequence reduces its own 
total temperature. The analogy to a concentric pipe 
counterflow heat exchanger is evident. If we imagine a 
zero thickness tube wall, having a diameter approximately 
equal to that of the cold orifice, which is rotating at every 
axial position at the same angular velocity as the vertex, 
the heat transfer across this imaginary tube surface is 
proportional to the bulk static temperature difference 



Fig 4. Total temperature vs axial distance from nozzle at two radial 
position, u — 0. 


and to the overall film coefficient of heat transfer occasioned 
by the relative axial velocity of the two oppositely moving 
Streams, With the assumption of such a rotating tube, 
the tangential velocities do not contribute directly to the 
film coefficient of heat transfer, nor does the flow field 
become altered, as would be the case with a stationary 
tube due to tangential wall friction. 

The break in the curve of Figure 4 near traverse station 
1 is believed to be due to radial mixing effects, since it has 
been shown that radial outflow occurs in this region (see 
Fig. 1, Cases B and C). 

In the following analytical treatment radial mixing is 
neglected for simplification, and also because its effect is 
believed to be of a secondary nature. Figure 5 shows 
the simplified flow pattern assumed and also gives quali- 
tative hypothetical temperature vs length curves to illus- 
trate the temperature nomenclature used, and to clarify 
the theoretical analysis. 

To satisfy the necessary overall heat balance in the 
absence of mechanical work or heat transfer to the en- 
vironment 

« (T* — T v ) =(1— u) ( T H — T s ) ( 1 ) 

Or, 

u(T„ — Tc) ~ T„ — Ts (2) 

As in the case of conventional heat exchangers, a cooling 
effectiveness can be defined, which is the ratio of the heat 
transferred to the maximum possible heat transferable 
with the available temperatures, as follows: 

N = (T„- T c )/(Tu - ty) (3) 


In Equation 3, <> is the lowest available static tempera- 
ture in the vicinity of the nozzle. If an ideal iscntropic 
nozzle expansion is assumed, then 

tr = T, — At 

Where 

At = Ts/C (f(P)J 

Combining Equations 2, 3, and 4, 
u At 

Tu — Ty= 

(l/.Y; — it 

Then using Equation 1 with Equation 5, 

(1 — u) At 

Ty — Tc = 

(i/A r ; — u 

Equations 5 and 6 give the overall performance of a 
vortex tube as a function of the operating variables u and 
At and the cooling effectiveness, N. Knowing the per- 
formance data for a given vortex tube, .Y can be calculated 
from Equation 5 or (5. In the hope that N could serve 
as a correlating factor in vortex tube performance, the 
writer has calculated it for many of the operating points 
in the rather thorough data of R. Hilsch'. The results 
are given in Figures 6 and 7, where <V is plotted vs u. 
Figure 6 gives four curves at constant nozzle pressures, P, 
varying from 2.5 to 11 atmospheres absolute for the No. 2 
Hilsch tube which has the following principal dimensions: 

Nozzle diameter 2.3 mm 

Tube diameter 9.G mm 

Orifice diameter 4.2 mm 

Figure 7 gives four curves all at P = 11 atm abs, but 
with four different orifice diameters, and one curve at 


(4) 


(5) 


(6) 
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Fig. 5. 
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theoretical derivation. 


P ~ 4 atm abs with a 2.2 mm diameter orifice, all for the 
No. 1 Hilsch tube having the following principal dimen- 
sions: 


Nozzle diameter 1.1 mm 

Tube diameter 1 4.(3 mm 

Orifice diameter varied from 1.4 to 2.G mm 

These data were calculated from points read off the 
published curves’, which were reproduced to a very small 
size, and hence some accuracy has been lost in Figures G 
and 7. In Figure 6 the variations of A' with u are well 
represented with straight linos. In Figure 7 the effect of 
orifice size on the variation of ,Y is apparent. Comparison 
of the curves for the 1.4 and 1.8 mm orifices makes it 
appear that at some intermediate orifice size, say 1.6 mm, 
N would be virtually constant at a value of about 0.43. ' 

Figure 8 is a plot of Hilsch’s data (solid curves) for 
his No. 2 tube (same as used in Figure 6), giving tem- 
perature drop vs u for P — 4 and 11. 

It now becomes necessary to point out a basic dis- 
crepancy which shows up in all the data of Hilsch when 
compared to the writer’s experimental results. As Figure 
8 indicates, the Hilsch data show the temperature drop as 
zero at ti — 0. The writer’s data indicate that the tem- 
perature drop is not zero at u =. 0. Figure 4, for u — 0, 
shows that in the core just inside of the cold orifice, the 
air is in fact colder than it is for a value of n = 0.2C, 
the latter value of it being according to Hilsch’s data 
nearer the maximum temperature drop value. It is be- 
lieved that this discrepancy lies in the location of and 



Fig. 6. Cooling effectiveness vs cold fraction for No. 
2 Hilsch tub# at four nonl# pressures. 


Now by assuming a constant value of ,Y of 0.46 for No. 2 
Ililsch tube (Figs. G and 8), Equation G becomes 
_ m (1 — u) At 

Ty - Tc - (7) 

2.17 — u 


Equation 7 represents in simplified form the performance 
of a vortex tube of the size and design of the Hilsch No. 2 
tube. This equation has been plotted for P ~ 4 and 11 in 
Figure 8 (dashed curves). The difference between the 
solid and dashed curves lies in the assumption of constant 
cooling effectiveness, N, in Equation 7. 

The next step is to look into a theoretical derivation of 
Y, and to see if the values of ,V obtained from the test 
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Fig. 7. Cooling effectiveness vs cold fraction for No. 1 Hilsch 
tube for four orifice diameters. 


(lata could be reasonably attributed solely to a heat transfer 
process. In the following, an approximate derivation of ,Y 
as a function of heat transfer coefficient, effective surface 
area, and flow is given. 

Referring again to the diagram of Figure 5, the rate of 
heat transfer from the core flow within the imaginary’ tube 
surface is 


And also, 

Q = A VO ( 9) 

Where A is the effective surface area of the imaginary 
tube, O is the mean static temperature difference, and V rs 
the overall heat transfer coefficient. Combining Equations 
8 and 9 with Equation 3 gives 



It is notable that due to the unusual nature of the outer 
helix flow in which static temperature increases more than 
total temperature due to the Large negative velocity gradi- 
ent, the conventional log-mean temperature difference is not 
applicable here for O. However, by making the simplifying 
assumption that the temperature difference varies linearly 
with A, a very simple expression for Y can be obtained 
which should be adequate since the effective area, A, is not 
known close enough to justify refinement in O. Since the 
core flow is at a relatively low velocity, it is also assumed 
that the total and static temperatures are equal here. Then, 
referring to Figure 5, 

e = (To — t,)/2 (11) 

Since T u — ty — T c — ty ~\~T n — T c, 

T„ — ty — Tc — ty -f- {AU^)/{wC), using Equa- 
trons 8 and 9. 

And therefore, using Equation 11 


the rhethod of the cold temperature measurement. Hilsch 
chose to measure the temperature of the metal wall of 
the tube on the discharge side of the orifice as an indica- 
tion of cold air temperature. In Hilsch’s words, "These 
measurements yield temperature differences which are cer- 
tainly not too favorable, but will probably be too small.” 
This must certainly be so, and particularly so as the cold 
flow approaches zero, at which point the metal temperature 
must be very near room air temperature. However, even 
if a temperature measurement is taken in or near the 
center of the cold tube on the discharge side of the orifice 
(as was done in the writer's tests), three side effects can 
increase the reading above that which exists in the center 
of the orifice, namely: 

1) Heat pickup from the "cold" tube 

2) Orifice edge leakage (see Fig. 1, Cases B and C) 

3) Recirculation in the "cold" tube which can mix 
room air with the cold air (see Fig. 1, Case B) 

Referring again to Figures 6 and 7, it can be seen that 
since Hilsch’s data show zero temperature drop at zero 
cold flow, there is a point for each curve at Y — 0 and 
u — 0, but in no case does this point fall reasonably on any 
of the curves. The writer believes that this apparent dis- 
continuity in the cooling effectiveness, N, between it = 0.2 
and u — 0 substantiates the aforementioned contention 
that a temperature drop exists at u — 0, even though it is 
reduced by the three side effects mentioned. 

The larger circles shown on the curves of Figures 6 and 
7 represent the points at which the temperature drop is 
a maximum according to Hilsch’s data. This occurs in gen- 
eral between i< = 0.2 and tt — 0.0, depending on nozzle 
pressure and orifice diameter. It can be noted that the value 
of N at maximum temperature drop varies only from 0.45 
to 0.48 for Figure 6, and from 0.41 to 0.4G for Figure 7. 
The higher average value of N for Figure G is attributable 
to a larger size tube (about twice the diameter) than that 
of Figure 7. 


A U 

Ty — ty — 20 -j e 

_ t vC 

Substituting Equation 12 in Equation 10 gives 

"= 0/( 2+ 3 


( 12 ) 


(13) 


Equation 13 is in the desired form. It is interesting to 
note the similarity between this equation and that for a 
conventional counterflow heat exchanger with equal heat 
capacity ( wC ) on both sides, for which 


(=)/(■♦=) 


(14) 


From Equation 13 it can be seen that for A’ to be 0.50, 
the approximate value calculated for the Hilsch tubes, 
AU/wC = 2 

If approximately representative values of .1 and w are 
used, the value of U required for this theory to match the 
actual performance is easily calculated. Taking for ex- 
ample, the No. 1 Hilsch tube (Fig. 7 data) : 

A ~ 0.0113 sq ft, based on an assumed effective length of 
65 percent of the hot tube length and a diameter equal to 
the cold orifice (2.2 mm) 

C = 0.24 Btu per lb, deg F 

w = G.75 lb per hr, which is the total nozzle flow at 
P = 4.0 atm abs. 

Then 

2 X G.75 X 0.24 

U = 28G Btu per hr, sq ft, deg F 

0.0113 

As defined for the foregoing analysis, w is the flow inside 
the imaginary tube. Due to the radial outflow near the 
orifice which was shown to exist under most operating con- 







i ions fsee Pig. 1), the flow from the orifice is less than 
the value of w inside the tube. Thus even at u = 0 fno cold 
r n :, m 7 be T fa,r] y large, but Probably no larger than 

i * zzle flow u is for this reason that the total nozzle 
flow is used in the foregoing evaluation of U. If the actual 
core flow w , is less than the nozzle flow, then {■ required 
is proportionally lower. Also it can be seen that as P is 
raised or lowered, the U required will increase or decrease 
proportion 31 to the flow, but this is compensated for by the 
available heat transfer coefficient varying almost propor- 
tional to the mas 3 flow rate. 

• 3k 6 rate m the Preceding numerical example 

°u lb per sec, sq ft in the core, which corresponds 


in a tube of 2.2-mm diameter to a film coefficient of about 
IdO Htu per hr, sq ft by a conventional heat transfer equa- 
tion for flow in a straight tube'. This is one half of the 
required overall coefficient. The following two factors may 
be sufficient to raise the above heat transfer coefficient up 
to the value of U required by the heat transfer theory. 

. 1) A large degree of turbulence due largely to the 
helical nature of the flows, which would raise the heat 
transfer coefficients. It is known, for instance, that for 
flow inside helically coiled pipe, heat transfer coeffi- 
cients may be several times higher than in straight 
pipe for the same Reynolds number'. 

2) The absence of a solid wall at the interface be- 
tween the core and the outer flow would seem to make 
it logical for the film coefficient to b? based on the total 
relative axial velocity of the inner and outer streams. 
Since these flow countcrcurrently, their velocities .lie 
additive. Due to the absence of a solid tube wall there 
are not two film resistances, but only one resistance 
evaluated from the relative axial velocity. The effect 
of using a relative velocity in the preceding numerical 
example would be to raise the calculated film coefficient 
by about 30 percent, from 140 to 182. 

Conclusions 

The heat transfer theory of vortex tube action as pre- 
sented in this paper is not complete in itself and must rely 
on empirical results in the performance equation (Eq. G). 
The cooling effectiveness, iV, has been shown to he a useful 
correlating factor. Although the required overall heat 
transfer coefficient is greater than can be accounted for by 
conventional calculations, the two are sufficiently within 
range as to be encouraging. The theory, does not preclude 
the possibility that other mechanisms may be simultaneous- 
ly acting to produce cooling of the air. Other theories have 


been published recently'* which are of an entirely different 
nature, hut which do not appear to have been based on prior 
tests concerning the nature of the internal flow processes. 
Discussion of these theories is beyond the scope of this 
paper. 

The writer suggests a test setup in which, if any cold 
air were produced, the heat transfer theory would be 
greatly enhanced, as follows: 

Run i vortex tube in which the “imaginary tube surface” 
of the preceding theory is replaced with a thin metallic 
tulle which is rotated mechanically at an angular velocity 
comparable to that of the air at the tube radius. 


die Kxgui'ion of (iases in a Ccmrifujal Field 
Hrv of Siirtitific Instruments, vol IS, j> 105, 


References 

. HiU-li. K.; The Lffi 
as a Coiling Proi 
Fch 1 0-17 

. Kan ijoc, Exjierimruts mi Kx tons ton in a 

Kxhaiisl of 1 Sot Air an. I CoM Air; Lr J, 

Radium (Pariil, vol 4, n 1125, June 1933 
. Scfiejivr. (i. IV.; Fhnv l'allerlls ami a IJcat 
Vuriex "Keating an. I Kcirirfcraiii-i: ThIn-; 

l nioit College, Sclieiieetaily. X. V.. May IVhv 
. Shvjiar.l, l. , Jl., am) (_\ K. i-ar|.lr; Flow Pattern anil Pressure llroji in 
I vi'Imhc Dust Co) lev tors : InJ Em, Chrm, vol 31. ii 972, Auk !9J', ! 

. Keenan, .1. 11.. ami ). Kaye; Gas Tables, ms 

• £■ F -- i" 1 ' 1 A . 1. bah); Use of Thci-iMnc«ni|ile» in It igli Velocity 

l.as Streams; .■b*i .Sur of \ aval fiiigrs Jour, vol 6u, j, 139, May 1918 
. Me .Vila ms. \\ . II.; Hrat Transmission, IVt> 

■ D’hon, C. D.; Ranquc's Tul.e: Refng Em, vol 58. |i 473. May 193n 
. \\ eh'ter. I). X. ; Analy.-ls of the llilsch Vortex Tube: Refng Run vol 
-sS. ji ) 63, Fell 19.'iJ 


(Don'l VYIlm Uiq 
ty7lh firuuuzl YYfajrtLnq 

4 

Vhuv OhJsuuxA, (Doc. 2 Jb 5, 1951 





March 27, 1934. g. j. ranque 1,952,281 

METHOD AND APPARATUS FOR OBTAINING FROM A FLU It) UNDER PRESSURE 
TWO CURRENTS OF FLUIDS AT DIFFERENT TEMPERATURES 


Filed Dec. 6, 1932 


3 Sheets-Sheet 1 






March 27, 1934. g j ranque 1,952,281 

METHOD AND APPARATUS FOR OBTAINING FROM A FLUID UNDER PRESSURE 
TWO CURRENTS OF FLUIDS AT DIFFERENT TEMPERATURES 

Filed Dec. 6. 1932 3 Sheets-Sheet 2 











March 27, 1934. g j ranque 1,952,281 

METHOD AND APPARATUS FOR OBTAINING FROM A FLUID UNDER PRESSURE 
TWO CURRENTS OF FLUIDS AT DIFFERENT TEMPERATURES 

Filed Dec. 6, 1932 3 Sheets-Sheet 3 







Patented Mar. 27, 1934 


1,952,281 


UNITED STATES PATENT OFFICE 


1,952,281 

METHOD AND APPARATUS FOR OBTAINING 
FROM A FLUID UNDER PRESSURE TWO 
CURRENTS OF FLUIDS AT DIFFERENT 
TEMPERATURES 

Georges Joseph Ranque, Montlucon, France, as- 
signor to La Giration Des Fluides. Societe a 
Responsabilite Limitee, Montlucon, France, a 
company of France 


Application December 6, 1932, Serial 
In France December 12, 19 

15 Claims. 


o. 646,020 


The object of my invention is a method for 
automatically obtaining, from a compressible 
fluid (gas or vapour) under pressure, a current 
of hot fluid and a current of cold fluid, 
6 that transformation of the initial fluid 
into two currents of different temperatures 
taking place without the help of any movable 
mechanical organ, merely through the work of 
the molecules of fluid upon one another. 

10 The methcd according to my invention con- 
sists essentially in dividing the fluid under pres- 
sure, which is admitted tangentially into a ves- 
sel having the shape of a body of revolution, 
into two coaxial sheets of fluid moving with a 
15 gyratory motion and reacting upon each other 
so as to produce, under the action of centrifugal 
force, the compression of the outer sheet by the 
inner sheet which expands, this compression ab- 
sorbing a certain amount of work, which is evi- 
20 denced by a rise in the temperature of the com- 
pressed sheet at the expense of the other sheet, 
which is thus coded. 

In a practical mode of carrying out this meth- 
od, the fluid under pressure is introduced tan- 
25 gentially into a vessel having the shape of a 
body of revolution provided with axial orifices 
disposed on either side of the fluid inlet. Said 
fluid is suitably guided so as to give it a helical 
motion toward one of said orifices, the cross 
30 section of which is suitably restricted so as to 
produce a backward motion of a portion of the 
fluid toward the opposite orifice. This produces 
two sheets of fluids having opposite axial mo- 
tions, the inner sheet expanding and compress- 
35 ing the outer sheet, thus supplying heat thereto. 
A current of hot fluid is thus received through 
the orifice of restricted cross section, while a 
current of cold fluid is received through the op- 
posite orifice. 

40 Another object of my invention is to provide 
an apparatus for carrying out the method above 
referred to. According to my invention, this 
apparatus comprises a chamber having the shape 
of a body of revolution the middle part of which 
45 is provided with one or more tangential inlet 
tubes for the fluid under pressure. Axial orifices 
are provided at either end-of said chamber, one 
of said orifices, toward which the liquid, or fluid 
is directed through a suitable guiding with a 
50 gyratory motion, having a cross section smaller 
than that of the sheet of fluid, so that a portion 
, of the latter is driven back toward the opposite 
orifice in such manner that it is caused to flow 
over the sheet of fluid that is applied against the 
55 wall of the chamber in question. 


(Cl. 62 — 170 

Preferred embodiments of my invention will 
be hereinafter described with reference to the 
accompanying drawings, given merely by way of 
example, and in which: 

Figs. 1 to 5 inclusive are diagrammatical views 
illustrating the principle of my invention, 

Fig. 2 being a sectional view on the line 2 — 2 
of Fig. 1; 

Fig. 6 is a diagrammatical view of an embodi- 
ment of my invention; 65 

Fig. 6a is a sectional view on the line 6a — 6a 
of Fig. 6; 

Fig. 7 is a detailed view showing in axial sec- 
tion a practical embodiment of my invention; 

Fig. 7a is a perspective view of the helicoidal 70 
guide; 

Fig. 8 is a corresponding plan view' on a smaller 
scale; 

Fig. 9 is a diagrammatical elevational view of 
another embodiment of my invention; 75 

Fig. 10 is an end view corresponding to Fig. 9; 

Fig. 11 is a diagrammatical view of another 
embodiment of my invention; 

Fig. 12 is an end view corresponding to Fig. 11; 

Figs. 13 and 14 are diagrammatical views of 80 
two other embodiments of my invention. 

The principle on which my invention is based 
is illustrated by diagrammatic Figures 1 to 5. 
Supposing, as shewn in Figs. 1 and 2, that a 
tube A B is provided in its middle part with a 85 
tangential inlet pipe 1 through which a current 
of a compressible fluid (gas or vapour) under 
pressure is sent into said tube, said fluid is given 
in said tube a certain linear velocity parallel 
with the axis of said tube, said rectilinear move- 90 
ment being combined with a gyratory movement 
about the axis of the tube. The fluid flows to- 
ward beth ends of the tube. 

As the fluid is moving away from the inlet 
pipe, its rectilinear velocity, which is parallel 95 
with the axis x y of the tube, increases, and its 
angular velocity decreases, so that the fluid 
spreads along the wall of the tube so as to form 
a sheet 2 having substantially the shape of a 
body of revolution about axis x y (Fig. 3). In 100 
said sheet the molecules are subjected to a pres- 
sure which is the higher as they are at a greater 
distance from the axis of the tube, due to the 
action of the centrifugal force. At the same 
time, the flow of the fluid produces a substantial 105 
fall of pressure in the central zone of the tube, 
so that the outer air. which is at the atmospheric 
pressure, is drawn toward the central zone of 
the tube, thus forming two axial currents 2a 
(Fig. 4). When the outer air reaches said cen- 110 
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tral zone, it is driven back toward the outside 
by the fluid moving with a gyratory movement, 
thus forming streams 3. 

If an annular diaphragm 4, the free central 
opening 4a of which has a diameter equal to the 
minimum diameter of the zone in which a fall 
of pressure is produced, as shown in Fig. 5, is 
provided in the central part of the tube, on one 
side of the tangential inlet pipe, the fluid moving 
with a gyratory movement will flow only toward 
orifice B, carrying along with it the atmospheric 
air coming from both orifice A and arifice B. 

The method and the apparatus according to 
my invention are based on the experimental facts 
that have just been stated. 

In the embodiment shown in Figs. 6 and 6a, 
the apparatus consists of a chamber 5 having 
the shape of a body of revolution about axis x y, 
the middle part 6 of said chamber being of 
restricted cross section and being provided with 
a tangential inlet pipe 7 for the fluid (gas or 
vapour) under pressure. The inner wall of cham- 
ber 5 is provided, opposite the opening of said 
pipe, with a helical guiding surface 8. The orifice 
A of chamber 5 is freely opened, while the cross 
section of orifice B is restricted by a kind of 
frusto-conical diaphragm or deflector 9, so that 
the fluid under pressure, admitted through pipe 
7, is only allowed to flow through an annular 
aperture 10, which is not sufficient for the amount 
of fluid fed thereto. The fluid under pressure 
admitted through pipe 7 and guided by helical 
surface 8 is simultaneously given a rectilinear 
motion which causes it to move within chamber 6 
toward opening 10, and a rotary motion about axis 
x y. The sheet of fluid that is immediately ad- 
jacent the wall of the chamber flows out through 
said opening 10, while the remainder of the fluid, 
which is prevented from flowing out by diaphragm 
9 is subjected to the fall of pressure existing in 
the central zone of the chamber and is given a 
backward motion toward orifice A. I thus ob- 
tain, according to my invention, a first sheet of 
fluid 11, moving with a gyratory motion along 
the inner wall of the chamber, from orifice 7 to- 
ward orifice B, and a second sheet of fluid 12 
moving with a gyratory motion along the inner 
surface of the first mentioned sheet in an opposite 
axial direction, said second sheet of fluid consist- 
ing of the difference between the amount of fluid 
admitted through pipe 7 and the amount of fluid 
that is allowed to flow out through opening 10. 
Said sheet of fluid under pressure 12, which moves 
with a gyratory motion not along the rigid wall 
of chamber 5, but along the elastic surface of the 
first mentioned sheet of fluid, tends, on the one 
hand under the action of the centrifugal force, 
and on the other hand under the effect of the 
increase of velocity due to the expansion and to 
the rotation that take place, to compress the 
molecules of the first mentioned sheet of fluid. 
That compression absorbs a certain amount of 
work, which is evidenced by a loss of heat from 
the second mentioned sheet to the benefit of the 
first mentioned one. Consequently, the tempera- 
ture of sheet 12 falls, while the temperature of 
sheet 11 rises. Finally, there is obtained through 
orifice 10 a current of hot fluid, and through 
orifice A a current of cold fluid. 

The initial guiding of the fluid toward one of 
the orifices is necessary for practical purposes in 
order to obtain an accurate centering of the cen- 
tral zone of depression or fall of temperature. In 
the example above described, that guiding is 
effected through helical inclined surface 8. The 


following description will show that the same re- 
sult could be obtained through other guiding 
means. 

The adjustment of the cross section of the out- 
let orifice at B, which can be obtained through 
any suitable means makes it possible, by modify- 
ing the rates of flow at B and A, to vary the dif- 
ferences between the temperature of the initial 
fluid and those of the hot fluid and of the cold 
fluid escaping through outlet orifices B and A 
respectively. 

If, for instance, the cross section of the orifice 
10 through which the hot fluid is allowed to flow 
out is considerably restricted, the rate of flow 
of the hot fluid is diminished, but the rate of flow 
of the cold fluid is simultaneously increased so 
that the heat that is given out from one sheet to 
the other one causes a considerable rise of the 
temperature of the hot fluid but a small fall of the 
temperature of the cold fluid, as compared with 
that of the initial fluid. 

Figs. 7 and 7 a show a practical embodiment of 
my invention. 

This embodiment comprises a cylindrical cham- 
ber 12 in which the interchange of heat takes 
place, and an annular distributing organ made 
of two pieces 13 — 13a which is provided with an 
inlet pipe 14 for the fluid under pressure. Said 
distributing organ comprises an inner cylindri- 
cal chamber 15 connected with cylinder 12 
through a frusto-conical surface 16, and with an- 
nular conduit 17 of the distributing organ through 
a tangential passage 17a. The guiding helical 
surface 8 extends from one edge 175 to the other 
17c of the orifice of said passage. The tangential 
passage 17a and the guiding inclined surface 8 
are provided in a separate part 19, provided with 
conical surfaces 19a— 19b for the centering thereof 
between parts 13 and 13a of the distributing or- 
gan. On the side opposite to cylinder 12 said 
distributing organ is connected with a cylinder 21 
at the end of which the current of cold fluid is 
received, while the current of hot fluid passing 
through the annular orifice provided around con- 
ical diaphragm 9 is received through tube 22. 

Figs. 9 to 13 show other embodiments of the 
means for guiding the fluid. In the embodiment 
of Figs. 9 and 10, said guiding is obtained through 
several tangential pipes 7a opening into a frusto- 
conical chamber 23 connected with the working 
chamber 12. 

In the embodiment of Figs. 11 and 12, the guid- 
ing action is obtained through several pipes 7a 
opening tangentially into chamber 12, but which 
are inclined with respect to the axis x y of said 
chamber. 

It should be well understood that it is not ab- 
solutely necessary, according to my invention, 
that the fluid under pressure should be admitted 
tangentially into a chamber having the shape of 
a body of revolution in which the fluid is divided 
into two coaxial sheets one of which receives from 
the other one mechanical work which is trans- 
formed into heat. What is necessary is to obtain 
an annular flow of the fluid moving with a gyra- 
tory movement and any means for obtaining that 
result may be obtained according to my inven- 
tion. In particular, I may use to this effect di- 
recting blades disposed for instance in an inlet 
conduit coaxial with the chamber in which the in- 
terchange of heat takes place. 

Furthermore, instead of being provided on 
either side of the in 7 et conduit, the axial orifices 
through which the two sheets of liquid escape 
may be disposed on the same side of said inlet 
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conduit, the annular orifice for the outflow of 
the hot fluid surrounding the outlet orifice for 
the cold fluid. In such an arrangement, the two 
sheets have parallel axial movements in the same 
6 direction, which may be advantageous in some 
cases for reducing their mutual friction. 

■Such an arrangement is shown in Fig. 13 In 
which the fluid is admitted at one of the ends A 
of the chamber A B having the shape of a body 
10 of revolution and is given a gyratory movement 
by a plurality of blades 23 disposed in an annu- 
lar tube 24. The other end B of chamber A B 
is provided with two concentric orifices 10 and 25 
disposed in such manner that the outer orifice is 
16 limited by a diaphragm 9 so that the fluid mov- 
ing with a gyratory motion from end A past blades 
23 cannot escape entirely through said orifice 10. 
A part of said fluid is compelled to escape through 
the inner orifice 25, of smaller diameter, which 
20 corresponds to a zone of lesser pressure. 

This causes an expansion of that portion of the 
fluid and it has been ascertained experimentally 
that said expansion starts as soon as the fluid 
leaves the directing blades and is continued as 
25 far as orifice 25. According to the laws of gyra- 
tory flow, said expanding sheet compresses the 
sheet that surrounds it and that flows out through 
annular orifice 10 and tube 26. In order to avoid 
parasitic entrainments, it is advantageous to give 
30 also to orifice 25 an annular shape by means of a 
deflector 27, along which the inner sheet flows 
before reaching tube 28. To sum up, tube 28 
serves to the outflow of a portion of the fluid that 
is cooled by expansion with production of ex- 
35 ternal work and tube 26 serves to the outflow' of 
the remaining portion of the fluid, which is heat- 
ed by compression. 

Finally, instead of extracting the initial energy 
that is necessary for the working of the apparatus 
40 from a compressed air reservoir, it may be neces- 
sary in some cases to make use of mechanical 
energy for imparting a gyratory movement to the 
fluid and for giving it the superpressure that is 
necessary for its flow through the apparatus. To 
45 this effect, I may dispose, in concentric relation 
with the stationary blades that control the inlet 
of fluid, a plurality of movable blades which are 
mechanically actuated and are disposed in the 
same manner as the rotor of an air fan or of a 
50 compressor. 

•Such an arrangement is diagrammatically 
shown in Fig. 14 in which the initial energy of 
the fluid is not due to a preliminary compression 
in a separate apparatus but is imparted thereto 
55 in the apparatus itself by means of a rotor with 
blades 29 which is mechanically driven by a 
shaft 30. 

In this embodiment all the other parts are dis- 
posed in the same manner as in the apparatus 
00 of Fig. 1, with the exception of deflector 27 which 
is replaced by an annular body 31 extending 
along the whole length of chamber A B, which 
is preferable when the diameter of the latter is 
relatively large. 

05 While I have described what I deem to be pre- 
ferred embodiments of my invention, it should 
be well understood that I do not wish to be limited 
thereto as there might be changes made in the 
arrangement, disposition and form of the parts 
70 without departing from the principle of my in- 
vention. It will be understood that it is advan- 
tageous to reduce the interchanges of heat be- 
tween the various parts and between said parts 
and the outside by means of suitable heat in- 
75 sulating arrangements. Finally the adjustment 


of the difference of temperature between the hot 
sheet of fluid and the cold sheet may be obtained 
by modifying the ratio of the flows of the hot and 
cold fluids to the initial flow, which may be pro- 
duced by modifying the sections or the inlet or 80 
outlet pressure of one of the three currents of 
fluid. In particular, in order to increase the 
temperature of the hot sheet, I may restrict the 
section left by diaphragm 9 for the outlet of said 
sheet or reduce the rate of flow by means of a 85 
valve disposed on the outlet pipe for the outflow 
of the heat fluid, or increase the initial pressure 
of the fluid admitted into the apparatus or again 
act on the section or the pressure at the outlet of 
the cold sheet. qq 

What I claim is: 

1. A method of obtaining from a cu: rent of a 
compressible fluid under pressure a irrent of 
hot fluid and a current of cold fluid ich com- 
prises causing said compressible fluid flow with 95 

gyratory helical motion along a surface of rev- 
olution, and dividing said fluid into two coaxial 
sheets moving along each other so that the outer 
sheet is compressed by the inner sheet and by the 
action of centrifugal force, whereby the work thus 100 
produced causes a rise in the temperature of the 
outer sheet and a fall in the temperature of the 
inner sheet. 

2. An apparatus for obtaining from a current 

of a compressible fluid under pressure a current 105 
of hot fluid and a current of cold fluid, which 
comprises in combination, a chamber having the 
shape of a body of revolution, means for causing 
a current of the said compressible fluid under 
pressure to form a sheet of fluid moving with a 110 
gyratory motion along the inner wall of said 
chamber, and means for causing a current of 
fluid under pressure to form another sheet of 
fluid moving with a gyratory motion along the 
inner surface of the first mentioned sheet, with 115 
a relative movement with respect thereto. 

3. An apparatus for obtaining, from a current 

of a compressible fluid under pressure, a current 
of hot fluid and a current of cold fluid, which 
comprises in combination, a chamber having the 120 
shape of a body of revolution provided with axial 
orifices at either end, means for introducing the 
said compressible fluid under pressure tangen- 
tially into the middle part of said chamber, 
means for helically guiding said fluid toward 125 
one of said orifices, and means for partly stop- 
ping the last mentioned orifice so as to leave 
only an annular passage for the outflow of the 
fluid, the other orifice being open to the atmos- 
phere. 130 

4. An apparatus according to claim 3 in 
which the last mentioned means are adjustable 
so as to make it possible to vary the cross sec- 
tion of the annular passage for the fluid. 

5. An apparatus for obtaining from a current 133 
of a compressible fluid under pressure, a current 

of hot fluid and a current of cold fluid, which 
comprises in combination, a chamber having the 
shape of a body of revolution provided with axial 
orifices at either end, at least one tangential inlet 140 
pipe for the said compressible fluid under pres- 
sure opening into the middle part of said cham- 
ber, means for helically guiding said fluid from 
said pipe toward one of said orifices, and a de- 
flector for partly stopping the last mentioned 145 
orifice so as to leave only an annular outlet pas- 
sage for the fluid, the other orifice being open to 
the atmosphere. 

6. An apparatus according to claim 4 in which 
the means for guiding the compressible fluid 150 
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consist of a member having a helically inclined 
surface located opposite the opening of said in- 
let pipe into said chamber. 

7. An apparatus according to claim 4 in which 
6 the means for guid ng the compressible fluid 

under pressure consist of a frusto-conical cham- 
ber coaxially connected with the first mentioned 
chamber, the apparatus comprising a plurality 
of fluid inlet pipes tangentially connected with 
10 said frusto-conical chamber. 

8. An apparatus for obtaining from a current 
of a compressible fluid under pressure a current 
of hot flu'd and a current of cold fluid, which 
comprises in combination, a chamber having the 

16 shape of a solid of revolution provided with an 
axial orifice at either end, a plurality of tangen- 
tial inlet pipes for the said compressible fluid 
under pressure opening into said chamber, said 
pipes being inclined with respect to the axis of 
20 said chamber so as-to guide the fluid toward one 
of said orifices, and a defector for partly stopping 
the last mentioned orifice so as to leave only an 
annular outlet passage for the fluid, the other 
orifice being open to the atmosphere. 

25 9. An apparatus according to claim 4 in which 

said chamber has a restricted cross section be- 
tween the opening of the inlet pipe and the last 
mentioned orifice. 

10. An appartus according to claim 4 in which 
30 there is provided a dis^ributmg organ made of 

two parts located opposite sa d inlet pipe, the 
guiding means consisting of a ring provided with 
a tangential inlet conduit and with an inclined 
helical surface, which ring is inserted between 
35 said two pariis of the d'stributing organ. 

11. An apparatus for obtaining from a current 
of a compressible fluid under pressure a current 
of hot fluid and a current of cold fluid, which 
comprises in combination, a chamber having the 

40 shape of a surface of revolution, an inlet pipe for 
introducing a compressible Su'd into said cham- 
ber, a plurality of directing blades located op- 
posite said pipe for imparting to said fluid a 
gyratory motion along the inner wall of said 
45 chamber and means for dividing said Su'd int-o 
two concentric sheets so that one of said sheets 
gives up a portion of its heat to the other sheet. 


12. An apparatus for obtaining from a current 
of a compressible fluid under pressure a current 
of hot fluid and a current of cold fluid, which 
comprises in combination, a chamber having the 
shape of a surface of revolution, means for caus- 80 
ing a current of the said compressible fluid under 
pressure to form a sheet of fluid moving with a 
gyratory motion along the inner wall of said 
chamber, and two annular orifices disposed at the 
same end of said chamber for divid ng said fluid 85 
into two concentric sheets of fluid so.that one of 
them gives up a portion of its heat to the other 
one. 

13. An apparatus for obtaining from a current 

of a compressible fluid under pressure a current 90 
of hot fluid and a current of cold fluid, which 
comprises in combination, a chamber having the 
shape of a surface of revolution an inlet pipe 
for introducing the said compressible fluid under 
pressure into said chamber disposed coaxially 95 
with said chamber at one end thereof, a plurality 
of direct ng blades in said chamber disposed op- 
posite said inlet pipe for imparting to said fluid 
a gyratory motion along the inner wall of said 
chamber, and two annular orifices disposed at 100 
the opposite end of said chamber coaxially there- 
with for divid ng said fluid into two concentric 
sheets one of which gives up a portion of its heat 
to the other one. 

14. An apparatus for obtaining from a current 105 
of a compressible fluid a current of hot fluid and 

a current of cold fluid, which comprises in com- 
bination, a chamber having the shape of a sur- 
face of revolution, mechanical means for driving 
said compressible fluid into said chamber, direct- HO 
ing means for imparting to said fluid a gyratory 
motion along the inner wall of said chamber, 
and means for dividing said fluid into two con- 
centric sheets so that one of them gives up a 
portion of its heat to the other sheet. 115 

15. An apparatus according to claim 14 in 
which the mechanical means consist of a fan dis- 
posed opposite the inlet end of said chamber. 

GEORGES JOSEPH RANQUE. 120 


60 


125 


55 


130 


00 


135 


05 


140 


70 


145 


75 


150 



